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NOTE TO THIRD EDITION 

T he discovery of ‘atomic energy’ has made much 
that seemed remote speculation in the earlier 
editions into matters of world politics. Chapters have 
been added treating of this new extension of human 
knowledge and experience. The rest of the book has 
been brought up to date. 

G. p. T. 

June 1946 


NOTE TO SECOND EDITION 

T he discovery, since the first edition of this book, 
of neutrons and of positrons has made it necessary 
to add a chapter dealing with these particles and other 
advances in the physics of atomic nuclei. The rest of 
the book has been brought up to date. 


1937 



NOTE TO FIRST EDITION 


I N this book the author has aimed at giving as 
up-to-date an account of the subject as possible, 
and has devoted a fair amount of space to the new wave 
theory of mechanics and atomic structure. This neces- 
sarily involves the inclusion of some rather tentative 
ideas, but even if some of these have to be revised, the 
new views bring an air of conviction which makes it 
reasonable to hope that their main outlines, at least, 
are final. As a physicist the author may have been 
tempted to curtail unjustly the space allotted to the 
chemical aspect. He hopes at least that he has said 
enough to induce the reader to study books on that 
part of the subject by men qualified to present its full 
beauty. 


1930 



CHAPTER I 


GENERAL OUTLINE 

T he fundamental idea of the Atomic Theory is this, 
that objects ultimately consist of a large number 
of very small parts of a limited number of kinds. It 
thus stands in opposition to the doctrine that bodies 
can be indefinitely divided, even in theory. The root 
idea was propounded by Democritus, a Greek of the 
fifth century B.C., who may perhaps have been in- 
fluenced by a still earlier philosopher, Leucippus. It 
was further developed by Epicurus and formed the 
fundamental idea of his school of philosophy, of which 
the best account extant is contained in the work of the 
Roman Lucretius, who set out the Atomic Theory in 
the dignity of six books of hexameter verse. For some 
reason this school of thought fell into decay even in 
classical times, and it was not till the early nineteenth 
century that Dalton revived it, and made it the foun- 
dation of chemistry. 

The remarkable development of physics in the last 
fifty years is largely due to the modifications and 
extensions that have been made in the doctrine in its 
application to the latter subject, and it has been found 
to apply not only to ordinary matter, but in a modified 
form to the important and elusive quantity known as 
Energy. Before entering upon a consideration of the 
experimental facts on which the ideas are based, it 
may be as well to give in outline a sketch of the struc- 
ture of matter as it is thought of to-day. 

By ‘matter’ in this connexion we mean the ordinary 
stuff of the world as it appears to our senses : whatever 
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can be felt, seen, or smelt. As we shall see, an exact 
definition is not easy, but the broad common-sense 
idea is enough for the moment. Matter of this kind 
can exist in three principal forms — solid, liquid, and 
gaseous — which are well illustrated in the case of 
water, as ice, water, and steam. For the moment this 
distinction of form may be regarded as of secondary 
importance. If one takes an ordinary object such as 
a lead pencil, it is obviously composed of several dif- 
ferent materials, graphite, wood, paint, glue, and 
perhaps others. A more searching analysis by the 
method of chemistry would show some of these to be 
themselves mixtures of a number of simpler substances. 
In the case of the wood the complete analysis would 
be a severe strain on the resources even of modern 
chemistry, and we might have to be content with 
something less precise. But we believe that, given 
sufficient skill and knowledge, it would be possible to 
separate any object into what are called chemically 
pure substances. These are substances which show 
perfectly definite and regular properties, however they 
are obtained. It is believed that a piece of any such 
substance is composed of a large number of exactly 
similar bodies called Molecules, and that each of these 
molecules is composed of a limited number of still 
smaller bodies called Atoms, which may, or may not, 
be all alike in a given molecule. The number varies 
from one to probably many thousands in the case of 
some of the very complicated molecules which occur 
in living matter. 

It should be noticed that the word ‘atom’ is here 
used in a rather special sense. Probably Lucretius 
would have called our molecules atoms, for they are 
the smallest part which can exist, of their particular 
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chemical species. The word ‘atom’ means indivisible, 
and at the time this nomenclature was invented our sort 
of atom was believed to be the smallest entity capable of 
independent existence. Though this is now known not 
to be the case, an illogical nomenclature, as often 
happens, is too firmly established to be changed. In 
what follows then, we shall use the word ‘atom’ in this 
special technical sense. 

It has been found that all the numerous kinds of 
chemically pure substances, of which hundreds of 
thousands are already known, have molecules which can 
be constructed from about ninety kinds of atoms, and 
of these a large proportion are very rare, and hardly 
more than chemical curiosities. When a molecule con- 
sists of only one kind of atom, the substance is called an 
Element when there is more than one the substance 
is called a Compound. There are thus about ninety 
elements known at present. But it is now known that 
each of these ninety kinds of atoms, or elements, has 
itself a structure and is composed of three constituents, 
which for the present we can regard as primitive, called 
Electrons, Protons, and Neutrons. Each atom in its 
normal state contains a certain number (varying from 
one to ninety-four) of electrons, an equal number of 
protons and, except in the case of hydrogen, a number 
of neutrons equal to or rather greater than this number. 
Hydrogen has just one proton and one electron in each 
atom. 

We can thus form a kind of genealogical tree of 
matter — any piece of matter being composed of various 
chemical substances, each substance of vast numbers of 
similar molecules, and each molecule of a limited 

' This statement needs qualification owing to a complica- 
tion explained on page 6i et seq. 
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number of atoms, which may be of several kinds, and 
each atom of a number of electrons and protons. As 
far as is known at present, all electrons are identical 
and so any two could be interchanged without visible 
effect, and the same apparently holds for the protons. 

Equal numbers of protons and electrons, 
generally rather more neutrons. 

Protons Neutrons Electrons 



Fig. I. — Family Tree of Matter. 

The most fundamental property of ordinary matter 
is generally considered to be that known as Mass. This 
is the property in virtue of which matter at rest requires 
a force to start it moving, and when in motion requires 
one to stop or turn its course. The mass of a body on 
the earth is proportional to its weight, i.e. the force with 
which the earth attracts it; but while weight would be 
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quite different on the moon, for example, mass is in- 
herent in a piece of matter, and is independent of its 
conditions. Electrons, protons and neutrons all have 
mass, the two latter being about equal in this respect 
while the electron is about 1,845 times lighter. Thus 
the electrons in a piece of matter supply little of the 
mass, which is mostly due to the protons and neutrons 
it contains. 

In dividing the atom into electrons and protons we 
come to a new idea, for besides the possession of mass 
which they contribute to the structures made from 
them, they have in addition very strong electrical pro- 
perties, which are lost, or at least greatly weakened, 
when they are combined to form atoms. 

It is becoming more and more impossible to define 
electricity because it seems rather to be the funda- 
mental idea, in terms of which everything else must be 
explained, and so cannot itself be explained without 
arguing in a circle. So it is with a dictionary. There 
must be some words whose meaning is taken as known. 
All one can do is to state instances of what are regarded 
as electrical effects, and to argue by analogy from them. 
Thus if certain substances are rubbed they acquire the 
power of exerting forces on one another. These forces 
are attractions when a pair of bodies have been rubbed 
together, and are repulsions when two similar bodies 
have each been rubbed on another of a different kind. 
Such attracting or repelling bodies are said to be 
Electrically Charged. Again, if a wire is connected to 
two metal plates of different kinds dipping in a suitable 
liquid, and forming what is called an electric battery, 
the wire is found to possess certain special propjerties. 
Firstly it becomes heated, an effect which may be very 
marked if part of the wire is fine, and secondly it 
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acquires the power of deflecting a compass needle 
placed near it. It is then said to be carrying an Electric 
Current. Since it has been shown that similar magnetic 
effects are produced by the motion of electrically 
charged bodies, it is reasonable to regard the electric 
current as due to the motion of electric charges in the 
wire although no motion is visible. This view is con- 
firmed by other experiments. 

Now, electrons and protons show just these effects. 
When in rapid motion they can produce the magnetic 
effects of a current, and when absorbed by an otherwise 
unelectrified body they cause it to show electric attrac- 
tions or repulsions. It is thus natural to speak of them 
as electrically charged, but it must not be supposed that 
the charge is something super-added, as in the case of 
an ordinary material body, but rather that their elec- 
trical properties are a fundamental part of their consti- 
tution. By a survival from an old theory the two kinds 
of charges that a body can have are arbitrarily classified 
as ‘positive' and ‘negative’. It turns out that a proton 
has the same kind of charge as a positively charged 
body, and an electron that of a negatively charged one. 
Thus two electrons repel each other, and so do two 
protons, but an electron and a proton will attract. 

For equal distances apart the attractions and repul- 
sions are the same and it follows that if an electron and 
proton were put close together, the forces they would 
exert on another electron, or on another proton, at a 
considerable distance away, would practically balance. 
This is expressed by saying that they have equal 
charges of opposite kind. The two charges put to- 
gether are said to neutralize each other, just as + 1 and 
— I give o. In this connexion the use of the terms posi- 
tive and negative has a justification. But the distinction 
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between electron and proton is something more 
than merely one of sign. For example, the proton is 
more than a thousand times heavier than the electron. 

A body which has a few more electrons than protons 
will thus behave as a negatively charged body, and one 
with fewer electrons than protons as a positively 
charged one. Since electrification usually, though not 
always, is caused by the transfer of electrons rather 
than of protons, a negatively charged body is one which 
has gained something, while a positively charged one 
has lost something. The choice of sign has thus been 
unfortunate, but the names have now acquired such a 
strong vested interest that it is hopeless to think of 
changing them. 



CHAPTER II 


THE SPECTRUM 

T here is one means of investigation which, in 
various forms, has proved of such extraordinary 
value in the study of atoms that it seems necessary to 
give a brief account of it before proceeding to explain 
how the results sketched in the last chapter have been 
reached. It is well known that if ordinary sunlight 
passes through a glass prism it is split up into a series 
of colours arranged in the order of red, orange, yellow, 
green, blue, and violet. These are in fact the colours 
of the rainbow, which is produced by light passing 
through rain-drops acting in a manner similar to that 
of the prism. Such a band of colours is called the 
Spectrum of light. With a more elaborate instrument 
called the spectroscope the band of colours can be 
made clearer and more brilliant. 

It was discovered in the first half of the nineteenth 
century that certain sources of light, when examined 
by a spectroscope, show not a continuous band of light, 
but a number of bright lines separated by dark in- 
tervals. A line which appears in the region which 
would be yellow if sunlight were being examined is 
itself yellow, and similarly for other colours. A very 
important discovery was made when it was found that 
the number and position of these lines was character- 
istic of the substance emitting the light. Thus the very 
intense yellow flame which is produced when common 
salt is inserted in a Bunsen burner shows a spectrum of 
two yellow lines very close together. These lines are 
due to the element sodium which is a constituent of the 
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salt, and are observed whenever sodium is present in a 
flame under suitable conditions, and never in any other 
circumstances. 

Corresponding spectra have been observed and 
tabulated for a large number of other substances, and 
the spectroscope thus affords a very convenient method 
of determining what substances are present in a given 
body. In some cases it is the only method possible. 
For example, it is by this means that we are in a 
position to make statements as to the substances present 

Red Orange Yellow Green Blue Violet 

H II I II I I 

Fig. 2. — Typical Spectrum (mercury vapour). 

[In reality for emission spectra the lines are coloured on a black 
ground. For absorption spectra they are black on a coloured 

ground.] 

in the stars. Sometimes the spectra are very com- 
plicated. That of iron contains tens of thousands of 
lines if suitable electrical methods are used to excite 
the luminosity. 

Now, whatever be the ultimate truth about the 
nature of light, and in this more than in most problems 
of science one is reminded of Pilate’s famous question, 
there can be no doubt that light behaves for many pur- 
poses as undulations in a hypothetical medium filling 
all space which it is still convenient to call the Ether. 
As in the case of waves on the surface of water, these 
ether waves may differ from one another in what is 
called the wave-length. That is to say, on the water 
analogy, in the distance from crest to crest, or from 
trough to trough. It is supposed that the action of the 
spectroscope is to separate the mixture of waves of 
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different wave-lengths which may be present in the 
original light, into their constituent wave-lengths. 
Thus each wave-length has a definite colour, and the 
process of spectrum analysis consists in finding out 
what particular wave-lengths are present in the light ex- 
amined. The fact that a given substance has a definite 
spectrum means that, if it emits light at all, it emits 
light of certain definite wave-lengths. The exception is 
the so-called continuous spectrum, like that of sun- 
light, which is emitted by any solid or liquid hot 
enough to be incandescent. The characteristic spec- 
trum is in fact only given by a gas or vapour. 

If light from a substance emitting a continuous 
spectrum passes through a vapour, the vapour may 
absorb the kind of light which it would itself emit if 
heated or electrically excited. The spectrum of the 
transmitted light will then show black lines on a 
coloured background. Sunlight itself shows this effect 
owing to a layer of cooler gas surrounding the main 
incandescent mass of the sun. It is from the position 
of these black lines (Fraunhofer lines) that the nature 
of the substances present in the sun has been found. 
Such a black line spectrum is called an ‘absorption’ 
spectrum, in contrast to the bright line ‘emission’ 
spectrum. 

Spectra are also formed when instead of a prism we 
use a piece of glass ruled with a number of fine lines 
extremely close together — a grating, as it is called. The 
production of such gratings of the necessary fineness 
and accuracy — 15,000 lines to the inch is quite usual — 
is largely the result of the ingenuity of an American 
physicist. Professor Rowland, of Baltimore, much of 
whose work was done in the eighties of last century. 
Besides giving finer and more brilliant spectra, the 
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grating has the advantage over the prism that it is 
possible to compare the wave-length of the light which 
appears in any part of the spectrum, with the distance 
between successive lines on the grating, and thus 
actually to measure the wave-length of the light. 

The values so found are very small, of the order of 
mosa for green light. The red light has 

the longest wave-length, and the violet the shortest of 
the waves of ordinary light. It has long been known 
that radiations exist beyond both ends of the spectrum 
of visible light. In fact, what we call light is merely 
that small part of a vast range of radiations, similar in 
character but varying vastly in wave-length, to which 
the eye happens to be sensitive. The others are, so to 
speak, invisible colours. 

The longest of these are the now familiar wireless 
w'aves, with w'ave-lengths varying from thousands of 
yards down to some which have been produced in the 
laboratory, of a fraction of an inch in length. Then 
come a wide range of what are sometimes called heat 
radiations, though in fact all these waves cause heat 
when absorbed. They are also sometimes referred to 
as infra-red rays. Then comes the visible spectrum and 
then the spectrum of ultra-violet radiations which have 
recently come a good deal into public notice because of 
their medical value. Then comes a range of rays only 
very recently explored because of the experimental 
difficulty that all substances, including even air, absorb 
the rays so strongly that they can only be studied in an 
almost perfect vacuum. Then come the X-rays with 
their wave-lengths round about those of visible 
light. Then certain radiations from radium and similar 
substances known as Gamma rays. Finally, it is now 
fairly certain that the so-called Cosmic Rays, a form of 
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activity which comes to us from the depths of space, 
produce in the atmosphere radiations which have even 
shorter wave-lengths than the Gamma rays, but the 
wave-lengths involved can only be inferred from in- 
direct evidence. The wave-lengths of the X-rays, 
however, are known with great accuracy by a method 
which we shall have occasion to explain later, and have 
been of immense importance in disclosing the size and 
structure of atoms. 

Although there is no essential difference between 
X-rays and the other radiations of the spectrum on 
each side of them, they have played such an important 
part in atomic physics that they deserve rather more 
detailed notice here. 

Indeed the original discovery of X-rays by Rontgen 
in 1895 is perhaps the most convenient date to take as 
the starting-point for the modern investigation of 
atoms. The discovery was apparently half accidental. 
In a search for possible invisible radiations Rontgen 
had enclosed in black paper a tube containing air at a 
very low pressure, and he noticed when an electric 
current was sent through it, that a screen coated with 
a fluorescent mineral, and which was lying on a table 
at some little distance, shone out brilliantly. Such a 
screen might have been affected by ordinary ultra- 
violet light, but this would not have penetrated black 
paper, and Rontgen at once realized that he had 
discovered some new radiation. 

Investigation soon showed that the radiation was one 
which could cast shadows if an obstacle was placed 
between the tube and the screen. The source of the 
rays was traced down to the place where a certain 
feature of the electric discharge (the Cathode Rays) hit 
something solid. The circumstances of their discovery 
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showed at once that the X-rays possessed the property 
by which they are now most commonly known, of pass- 
ing through substances opaque to ordinary light, and 
it was found that the transparency or otherwise of an 
object depended mostly upon its density. Thus the 
glass of the tube itself must have stopped more of the 
rays from emerging than the black paper with which it 
was covered. 

It is this power of indiscriminate penetration which 
has made the rays of such value in surgery; for the 
comparatively light fleshy parts of the body are nearly 
transparent to the rays while the much denser bones 
cast a black shadow. But from the point of view of 
physics other properties are of more importance. Thus 
the rays have the power of causing the air through 
which they pass to become for a time a conductor of 
electricity. Air in ordinary circumstances, it may be 
said, offers the greatest resistance to an electric current, 
and nothing will pass until the electric force becomes 
so great as to cause a spark, or miniature lightning flash. 

Although the X-rays were not the only means 
known, even then, of making air conducting, they were 
much the most convenient, and their discovery made 
possible the long series of researches on the conduction 
of electricity through gases which went far towards 
disentangling the relationships of electricity and 
ordinary matter. 



CHAPTER III 


THE ATOM IN CHEMISTRY 

T he essential difference between elements and 
compounds referred to in the first chapter seems 
first to have been recognized by a brilliant Irishman, 
Robert Boyle, one of the original Fellows of the Royal 
Society, who was described by one of his contem- 
poraries as ‘Father of Chemistry and brother of the Earl 
of Cork’. It thus antedates the modern atomic theory, 
which may be regarded as starting with Dalton’s work 
first published in 1803. The elements which played a 
large part in Greek and medieval philosophy, and in 
the theories of the Alchemists, at first sight seem to 
refer to what we now call matter, being as they were 
earth, fire, air and water. But they were really regarded 
much more in the light of qualities, than as material 
constituents of the bodies possessing them. 

It was not till the time of Lavoisier, whose needless 
execution was one of the greatest blots on the French 
Revolution, that the importance of weight in chemistry 
came to be fully realized, and with it the idea of a sub- 
stance composed of constituents whose weights added 
together should equal its own. It follows from this 
view that if any substance invariably increased in 
weight as a result of chemical action it must be an 
element, while if it lost in weight by such a change it 
must have been a compound decomposing into its 
elements or being changed into a lighter compound. 
But this rule, as Lavoisier fully realized, is inadequate 
by itself, for there is always the possibility that what 
one takes to be an element may really be only a very 
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persistent compound which has defied all efforts to 
split it up. Indeed, some of the elements in Lavoisier’s 
list were compounds of this kind. 

Dalton, using the atomic hypothesis, postulated the 
existence of molecules and atoms much as we have 
described them above. He was at once led to certain 
laws which must be true if the atomic hypothesis is 
true, and which are capable of experimental test. Thus 
if a substance is composed of molecules all alike, and 
therefore each containing the same number and kind 
of atoms, then, however that substance has been made, 
it must always contain the same proportion by weight 
of its constituent elements. This he called the Law of 
Constant Proportions. Secondly, if two compounds 
are known to exist between the same two elements, the 
proportions by weight of the elements in the two cases 
must bear a simple relation to one another. This can 
be illustrated by one of Dalton’s own examples. There 
are two gases which, as Dalton had reason to believe, 
and is actually the case, are compounded from the same 
two elements. Carbon and Oxygen. Their molecules, 
in fact, consist in one case of i atom of carbon and i of 
oxygen, in the other of i of carbon and 2 of oxygen. It 
follows that the second has twice as much oxygen in 
proportion to its carbon as the first. And this would be 
true whatever the weights of the atoms of carbon and 
oxygen. If it had happened that the first had con- 
tained, say, 2 of carbon and i of oxygen, the relative 
proportions would have been 4 to i instead of 2 to i. 
Thus the different weights of carbon which combine 
with say 100 grammes of oxygen in the two compounds 
must bear a relation to each other like that of simple 
whole numbers. This is known as the Law of Multiple 
Proportions. 
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Finally, he announced a more complicated Law of 
Reciprocal Proportions. This may be illustrated in the 
simplest case as follows. Suppose the elements A, B, 
C, can each combine in pairs so that they form com- 
pounds whose molecules consist in each case of i atom 
of each constituent, i.e. AB, BC, CA. Then, if a, b, c 
are the weights of the different atoms, ^ ^ "c ^ V 
Therefore the proportion by weight of A which com- 
bines with C can be found by multiplying together the 
proportion of A which combines with B, and the pro- 
portion of B which combines with C. With the aid of a 
pencil and paper the reader would have no difficulty in 
satisfying himself that in the more complicated case, 
when the molecules contain more than one atom of 
each kind, a similar result holds good, except that the 
answer must be multiplied by the ratio of whole 
numbers, depending on the number of atoms of the 
different kinds in the various molecules. 

Some instances of this law had already been dis- 
covered experimentally for combinations between acids 
and alkalis, but Dalton was the first to explain its 
theoretical significance. These laws have since been 
verified for a number of compounds, in some cases with 
very great accuracy, and no definite exceptions have 
ever been found. It should be noticed, however, that 
the simple relations between the proportions in which 
different elements combine would, in the atomic theory, 
be ‘simple’ (i.e. the ratio of small integers) only if the 
number of atoms concerned is small. In some of the 
complicated organic compounds this ceases to be the 
case, but the proportions found are always such as 
might be expected from the probable atomic constitu- 
tion of the molecules, judged from the way in which 
they have been formed from simpler substances and 
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from their other chemical properties. Thus the laws 
must be regarded as experimentally true, and they form 
in fact the basis on which all subsequent chemical 
progress has rested. 

A problem which Dalton studied with great care was 
to find the relative weights of the atoms of different 
elements. If all compounds contained only one atom 
per molecule of each of the elementary constituents, 
this problem would be an easy one. The relative 
weights of the atoms would simply be the relative 
weights of the elements which combined to form the 
compound. But the very existence of a law of multiple 
proportions shows that this is not always the case, and 
when, for example, two elements combine together to 
form several compounds it is not obvious at first sight 
which, if any, of these has a molecule consisting of only 
one atom of each element. 

In fact, the process of determining the relative 
weights of atoms exercised chemists for nearly sixty 
years after the foundation of Dalton’s theory, and in 
some cases indeed the uncertainty lasted even longer. 
To give a concrete instance of the difficulty, Dalton 
thought that a molecule of water contained i atom of 
hydrogen and i of oxygen. If this were the case, since 
8 parts by weight of oxygen combine with i of hydro- 
gen to form water, an atom of oxygen would weigh 8 
times as much as i of hydrogen. It is now known that 
the water molecule contains 2 atoms of hydrogen to i 
of oxygen, and the weight of the oxygen atom is thus 
16 time^ that of the hydrogen. 

Controversy on this question, and on others like it, 
occupied a great deal of the time and energy of chemists 
of the first half of the nineteenth century. The evidence 
available at the time afforded nothing better than a 
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balance of probability between the various views, and 
a definite decision seemed almost impossible. So much 
so that some chemists were in favour of abandoning 
the search for atomic weights altogether, and of con- 
sidering only the equivalent weight, or combining pro- 
portions, which were a matter of direct experiment. 
Unwillingness to accept a theory which goes beyond 
the immediate facts of experiment is very characteristic 
of a certain type of mind, which seems especially com- 
mon in Germany. The recent history of physics shows 
several examples. While this attitude is undoubtedly 
very valuable as a check on wild theorizing, there is a 
danger that such a negative point of view may dis- 
courage useful lines of thought. The inspired guesses 
from which all great scientific advances arise are much 
more likely to come from a vivid concrete picture than 
from a purely logical statement of the facts. Certainly 
it would have been a great calamity for chemistry if the 
atomic conception had been abandoned in favour of a 
colourless statement about combining weights. 

Fortunately, substantial agreement about atomic 
weights was eventually reached as a result of the appli- 
cation of a principle originally enunciated by Avogadro 
shortly after Dalton’s work. The importance of this 
idea was overlooked for nearly fifty years, by some 
curious blindness of which there are other instances in 
science, and it lay unnoticed till resurrected by 
Cannizaro in 1858. The principle is this — that equal 
volumes of all gases under the same conditions of tem- 
perature and pressure contain equal numbers of mole- 
cules. This principle is not capable of experimental 
proof, or at least was not when it was originally used, 
but is a consequence of a theory of gases according to 
which the pressure of a gas is caused by the impact of 
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the molecules on the walls of the vessel containing it. 
Each molecule is supposed to move independently of 
the others, with a speed depending on the temperature 
of the gas — the whole gas forming a chaos of molecules 
rushing about at random in all directions, and perpetu- 
ally changing their motions as the result of collisions 
with one another and with the walls of the vessel. 

Thus, when two gases combine together to form a 
third, the relative volumes of the two and of their pro- 
duct give the relative number of molecules in them. 
For example, 2 volumes of hydrogen and i of oxygen 
combine to give 2 volumes of steam, i.e. 2 molecules of 
hydrogen and i of oxygen give 2 molecules of steam. 
Now each molecule of steam must have at least i 
oxygen atom, but it only has available half a molecule 
of oxygen to draw on, hence the molecule of oxygen 
must have at least 2 atoms. (Though, as far as this 
experiment goes, it might equally well have 4 or 6 or 
any even number.) 

Thus one has to face the extra complication in the 
theory that the molecule of an element is not necessarily 
simply I atom. This fact, indeed, was the cause of most 
of the difficulty in unravelling the relative weights of 
atoms. But the above experiment does not tell us any- 
thing about the number of hydrogen atoms in a mole- 
cule, since in this case i molecule of hydrogen gives i 
molecule of steam, and all we can tell therefore is that 
there are the same number of hydrogen atoms in a 
hydrogen molecule and in a steam molecule. A second 
experiment, however, decides it. One cubic foot of 
chlorine can combine with 1 of hydrogen to form 2 
cubic feet of gaseous hydrochloric acid. Hence by a 
similar agreement to that in the case of oxygen the 
molecule of hydrogen must contain at least 2 atoms. 
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and so also the molecule of water. It will be noticed 
that in all these cases we have had to say ‘at least’. By 
arguments of this kind it is never possible to prove the 
exact number. One can only find the smallest number 
of atoms in a molecule which is compatible with all the 
observed facts. As a matter of fact there is no reaction 
in which it is necessary to suppose that either oxygen 
or hydrogen has more than 2 atoms in the molecule, and 
this number is therefore assumed to be true for reasons 
of simplicity; an assumption which has since been 
amply confirmed by evidence of a quite different 
character. The necessity of this restriction is obvious if 
we consider that if, for example, hydrogen atoms always 
went in pairs in every conceivable compound, the pair 
of atoms would be in fact the effective ‘atom’ for all 
chemical purposes. To prove from chemical evidence 
that hydrogen has only 2 atoms in a molecule is a 
typical case of the proof of a negative. We have to 
show that no case to the contrary ever exists. It is 
rather like a man trying to prove that witches cannot 
exist, whose conclusions would be completely upset by 
a single perfectly authenticated instance of one seen in 
the air on a broomstick ! 

We have thus proved, subject to the above caution, 
that the molecule of steam contains 2 atoms of hydrogen 
and I of oxygen. It follows from the composition of 
steam by weight, namely 8 of oxygen to i of hydrogen, 
that the weight of an oxygen atom is 16 times that of a 
hydrogen. By arguments on the same general lines as 
the above, though modified to suit various cases, it was 
possible to determine the relative weights of all the 
known elements, though there was occasionally some 
doubt in the case of elements which formed no gaseous 
compounds. 



22 


THE ATOM 


Dalton took as the standard the weight of the 
hydrogen atom which he took as unit, and for some 
time chemists followed his lead. More recently oxygen 
has been taken as standard, but instead of counting its 
weight as unity it is taken as i6, the nearest whole 
number to the value 15.9 which it had on the other 
scheme. There is accordingly not much difference 
between the numbers for the same element on the two 
methods of reckoning. On the oxygen scale the weight 
of the hydrogen atom is 1.0081 instead of exactly one. 
This change was originally made as a matter of con- 
venience because more elements combined with oxygen 
than with hydrogen, and the weights being thus often 
determined with reference to oxygen, it was incon- 
venient to have to change them all whenever a more 
accurate determination was made of the relative 
weights of hydrogen and oxygen. The change was a 
fortunate one, as it now appears that the weight of 
hydrogen diverges rather widely from a general rule 
which the other elements nearly obey and which we 
shall discuss later. 

It will be noticed that in all we have said so far only 
relative weights have been considered. There is no 
evidence from ordinary chemistry as to the actual 
weight or size of any single atom, except of course that 
they must be smaller than the smallest speck of material 
which can be handled in chemical processes. Indeed, 
it is only in the last forty years that any really accurate 
knowledge of the absolute sizes and weights has been 
attained, and this knowledge has come from the side of 
physics. 

It was observed at a fairly early stage that certain of 
the elements showed strong family resemblance in their 
chemical behaviour, and that in some cases at least 
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there were approximate relations between the atomic 
weights of the members of these families. A great in- 
sight into the connexion between the properties of 
different elements was gained by the Russian chemist 
Mendelejeff, who discovered what is called the Periodic 
Table of the elements. He found that if the known 
elements were arranged in the order of the weights of 
their atoms, atoms with similar chemical properties 
reappeared at periodic intervals. Thus, leaving hydro- 
gen aside, the second lightest element, the gas helium, 
which is peculiar in forming no chemical compounds, 
is resembled in this respect by neon, which is 10th on 
the list. The 3rd element, lithium, a soft white metal 
■j very easily tarnished, is closely resembled both in 
r physical and chemical properties by sodium, the iith 
^ on the list. In the same way the 4th and 12th elements, 
h the 5th and 13th, 6th and 14th, 7th and 15th, 8th and 
1 6th, and 9th and 17th elements all closely resemble 
j each other in pairs. That is to say, the first of each of 
■; these pairs of elements has a sister element 8 places 
I further along in the list. This scheme continues for 
'■> another set of 8 elements, the i8th element being 
^similar to the 2nd and loth, the 19th to the 3rd and 
r iith and so on. After this, however, the scheme 
> becomes more complicated, and it is not till 18 elements 
further on that we return to the properties of numbers 
2, 10, and 18. There are 2 periods, as these series are 
called, of 18 elements, the second fairly closely repeat- 
ing the first, and then come still further complications 
which it is hardly necessary to consider in detail. The 
complete table in its most modern form is shown in the 
Appendix. The lightest element hydrogen has no 
sister elements and is therefore omitted from the table. 

When Mendelejeff first published the table he had to 
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assume the existence of certain gaps in order to make 
the periodicity fit, and he was bold enough to predict 
the existence of elements to fill these gaps, describing 
in advance what their properties would be found to be, 
by considering those of their sister elements. His pre- 
dictions were triumphantly justified in certain cases by 
the discovery of elements with just these properties 
and whose atomic weights made them fit into the 
gaps. 

Nevertheless down to 1913 there were still consider- 
able difficulties in the table. In two cases elements 
were in the wrong order, that is to say an element 
which, to fit the table, should have had an atomic 
weight greater than another, actually had one slightly 
less. There were still a good many gaps, and the whole 
arrangement in the latter part of the table, where the 
regularities are for the most part less well marked, was 
rather uncertain. The removal of these difficulties was 
largely due to the genius of the young English physicist 
Moseley, whose death at Gallipoli was one of the 
greatest losses which science suffered during the first 
World War. 

The development arose as a consequence of work on 
X-rays, and is a very good illustration of the way in 
which progress in one branch of science reacts upon 
another. One often sees instances in science of progress 
in one direction slowing down and coming almost to a 
standstill, until it spurts forward again as the result of 
discoveries made in some quite different quarter. This, 
indeed, causes one of the great difficulties in writing a 
book such as this. Each line of progress uses the results 
obtained in the others, and this makes it difficult to 
describe any one part of the subject without referring 
forward to ideas which have not yet been explained. 
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The particular advance which made it possible to 
complete the order of the periodic table was the dis- 
covery of the German physicist von Laue. He found 
that it was possible to use a crystal to do for X-rays 
much what a ruled grating does for visible light. As we 
have already stated, it had long been considered nearly 
certain that X-rays are a form of waves, but it had never 
been possible to measure the wave-length, or to make 
the hypothesis absolutely clear from dispute. We have 
seen that the measurement of waves of light depends 
on getting a grating on which the lines are ruled at in- 
tervals, which though greater than the wave-length of 
light are not out of all proportion to it. Now optical 
gratings were already about as finely ruled as is 
mechanically possible, and X-rays have only, as we now 
know, about of the length of visible light. 

The problem seemed insoluble,^ but Laue had the 
brilliant idea that a crystal is a regular arrangement of 
atoms, and that these atoms and the spaces between 
them would behave for very short waves in much the 
same way as the lines and spaces of a ruled grating do 
for light waves. The essence, indeed, of all crystals is 
that the atoms and molecules in them are built up in a 
perfectly regular formation characteristic of the kind of 
crystal. One may think of them as very much like a 
body of soldiers drawn up in close order, while a non- 
crystalline substance would correspond to a disorderly 
crowd. Just as there are many regular formations in 
which the soldiers of a battalion can be drawn up, so 
there are many possible types of crystal structure, but 
all have this property of regularity. The pattern repeats 

^ Later it was found possible to measure the length of 
X-rays by using mechanically ruled gratings with the rays 
striking at a very small glancing angle. 

3 
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at stated intervals in all directions, like the pattern on 
a wall-paper. 

Now when X-rays are passed through such a crystal 
it can form a spectrum of them like the spectrum 
formed of light by the grating. There are, it is true, 
certain secondary but important differences in the 
analogy, due to the fact that the atoms in the crystal 
are arranged in space, i.e. in three dimensions, while 
the lines of the grating are confined to a plane, but this 
does not alter the fundamental possibility of producing 
X-ray spectra like the optical spectra. 

By 1913, when this experiment was suggested, 
sufficient was known of the actual sizes of atoms to 
make it possible to determine their spacing, and hence 
to calculate the actual wave-length of the X-rays from 
the position of their spectra. It was found that X-rays, 
as had been suspected, can form two kinds of spectra, 
one continuous like the light from an incandescent 
solid, and another consisting of bright lines character- 
istic of the particular element, just as optical spectra are 
characteristic. But the X-ray spectra have one immense 
advantage over the optical spectra. While the latter are 
generally extremely complicated, involving a large 
number of lines, in some cases thousands, whose wave- 
length does not vary in any simple manner with the 
weight or even the chemical nature of the atom, the 
X-ray spectra form a perfectly regular graduation. 
Thus Moseley found that each of the elements he 
examined showed two main lines, and that the wave- 
length of these strong lines varied in a perfectly regular 
manner with the position of the element in the periodic 
table. He found, in fact, that a certain quantity con- 
nected with the wave-length, to be precise the square 
root of its reciprocal, changed by the same amount as 
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he passed from one atom to the next in the periodic 
table, although the differences in atomic weight were 
sometimes large and sometimes small. He found, 
further, that in the two cases where the order of 
atomic weights made elements come in the wrong order 
in the periodic table, the order of their X-ray spectra 
agreed with that of their chemical properties. He was 
also able to show that certain gaps existed where there 
was a jump of twice the usual amount between the 



Fig. 4. — X-ray spectra of five successive elements superposed 
to show the steady change in the position of the (vertical) 
spectral lines. 

[The numbers in brackets are the atomic numbers.] 

spectra of succeeding elements, and concluded that 
there were elements missing. In this way he was able 
to arrange the elements in a perfectly definite order 
based on their X-ray spectra which agreed extremely 
well with their chemical properties, even in the case of 
the heavier elements where the regularities we have 
previously described became less marked. He had to 
suppose in all 92 elements (or rather 91 steps) from 
hydrogen, the lightest, to uranium, the heaviest element 
then known. Of these possible elements 6 were missing 
at the time, of which 4 have since been discovered, in 
most cases by examining the X-ray spectra of suspected 
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materials. The remaining 2 occur among the radio- 
active elements which are unstable, and it is possible 
that even if originally present in the earth they may 
long ago have ceased to exist. On the other hand, it 
may merely be that they wait discovery. To describe 
this ordering of the elements the term Atomic Number 
was introduced, being simply the number in the series, 
hydrogen i, helium 2, up to uranium 92. 

To attempt to describe the innumerable ways in 
which the atoms of the different elements can combine 
to form molecules of compounds would be to write a 
treatise on chemistry. However, there are one or two 
general principles which are of great importance, and 
which can be stated fairly shortly. 

In the first place by no means any two elements can 
combine. The majority of elements are metals, and 
these for the most part when melted together yield 
alloys which are generally only mixtures capable of 
existence in any proportion, or at least any proportion 
within wide limits. Sometimes, it is true, definite 
compounds are believed to occur, but these are usually 
only distinguishable with difficulty from the range of 
mixtures. The non-metallic elements can combine to- 
gether, and with the metals, with greater freedom. 
Compounds of most possible pairs are known, though 
there is one group of elements, the inert gases, which 
combine with nothing. On the other hand, a few 
elements may form many compounds. Thus an 
enormous range of compounds is furnished by the 
compounds of carbon with hydrogen, oxygen, nitrogen, 
chlorine and its sister elements. These form the great 
bulk of the compounds constituting living matter, and 
their study is known as Organic Chemistry, though a 
very large proportion can now be made in the 
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laboratory. The number of such compounds known 
runs into hundreds of thousands, and it is here that we 
meet with most of the more complicated molecules, some 
of which contain hundreds of atoms. Otherwise com- 
pounds of more than a dozen atoms are rather excep- 
tional, and many very important chemical substances 
contain only 2 or 3. 

But even in the realm of organic chemistry atoms 
cannot be thrown together haphazard to form a mole- 
cule. There are certain fairly definite rules known as 
the laws of Valency. These can be represented in pic- 
turesque form by imagining each atom provided with 
a certain number of loose tags of string attached to it. 
A compound is formed by tying the atoms together 
with these pieces of string and the rule is that no loose 
ends must be left. (It is rather an open question 
whether in certain cases you may be allowed to tie 
together two tags belonging to the same atom, but 
even if permissible this is at least exceptional.) 

A carbon atom is supposed to have 4 strings, hydro- 
gen I, oxygen 2, chlorine i, and nitrogen may have 3 
or 5 according to taste. The chemists express this by 
saying that carbon is tetravalent, hydrogen monovalent, 
oxygen divalent. It will be seen that this imposes very 
considerable restrictions on the possible molecules; thus, 
if a single carbon is to combine with hydrogen it will 
need 4 atoms to use up its strings and can attach no 
more. If 2 carbon atoms are present, then they may be 
tied together by i, 2, or 3 pairs of strings, leaving the 
remainder free to attach hydrogen atoms. Compounds 
are known corresponding to all these, the last one 
being acetylene. The very large molecules are, in fact, 
generally made on the basis of a long string of carbon 
atoms, often including rings of 6 tied together in a 
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peculiar fashion, the exact nature of which has caused 
an immense amount of chemical controversy. This is 
the so-called Benzene Ring. 

A very similar rule applies in inorganic compounds, 
especially those which are formed by the union of a 
metal and one or more non-metals. The metals can 
be grouped according to valency, those of the same 
valency being for the most part sister elements in the 
periodic table. Thus there is one group of monovalent 
metals which includes sodium and potassium, another 
group divalent, and others trivalent including alu- 
minium. If a monovalent metal combines with chlorine 
it does so atom to atom because each have one string, 
but it needs 2 monovalent atoms to combine with i of 
oxygen. On the other hand, a divalent element will 
combine with oxygen atom for atom, but needs 2 
chlorine to satisfy it. There are, however, more difficul- 
ties and exceptions to the rules of valency in inorganic 
than in organic chemistry. Several of the metals, in- 
cluding some of the commonest such as iron, lead, and 
copper, can show 2 different valencies. In some cases 
the resulting compounds can be easily distinguished by 
colour. Some compounds could only be fitted in to the 
theory of valency (at least in its older form) by rather 
drastic and improbable assumptions. However, the 
growth in knowledge of atomic structure is already 
making the interpretation of the theory a good deal 
easier, although somewhat modifying the ideas 
involved. 

The question of how far there is any physical reality 
in any way corresponding to our wholly imaginary 
pieces of string must be left to a later chapter. We may 
mention, however, that models made of the molecules 
on these lines have been capable of explaining many of 



THE ATOM IN CHEMISTRY 31 

the properties of organic substances. For example, 
atoms which on this view would be placed close 
together in the molecule are more likely to take part 
jointly in a reaction with an outside molecule than if 
they were far separated. Structural formulae, i.e. 
diagrams showing the relation and connexion of the 
atoms in the molecules, play an indispensable part in 
the study of organic chemistry. 

In fact, the immense progress of organic chemistry 
based on these ideas is the strongest evidence we have 
yet had that atoms have a real individual existence. It 
must be noticed that while Dalton’s laws are com- 
pletely explained on the atomic hypothesis, it is not 
logically necessary to believe in atoms merely because 
one accepts the laws. They might be regarded simply 
as an expression of the way in which different kinds of 
matter can react chemically. Indeed, as late as the end 
of the nineteenth century a distinguished German 
scientist preferred so to regard them. 

The final proof has come from the domain of physics. 
So much has physics in the present century become 
involved in the atomic ideas which before that time 
were mostly the preserve of chemistry, that the newer 
physics is sometimes distinguished from the older by 
calling it Atomic Physics. In contradistinction the 
older science, which dealt for the most part with the 
behaviour of matter in bulk, is called Molar Physics. 
The division is, of course, not perfectly sharp in point 
of time, but the last decade of the nineteenth century 
saw a complete change in the general line of progress 
of physics. This change came about largely as the 
result of the study of the passage of electricity through 
very attenuated gases. The discovery of the electron 
was the first big step forward. 
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THE ELECTRON 

T he early experimenters on electricity had no 
reason to regard electric charges as other than 
continuously variable. They spoke and thought in 
terms of an electric fluid, or sometimes fluids corres- 
ponding to the two kinds of charges ; being influenced, 
no doubt, in this terminology by the ease with which 
electric charges can pass through metals and other con- 
ductors. They do not appear to have supposed that 
such electric fluids were in any sense atomic in struc- 
ture. The first experiments to suggest that there was a 
natural unit of electric charge were those of Faraday 
on what is called Electrolysis. If an electric battery is 
made to drive a current through a solution in water of 
one of the class of compounds chemically termed Salts, 
the salt is decomposed and the products of decomposi- 
tion appear on the metal plates which lead the current 
in and out. This is the fundamental principle used in 
electro-plating. The two metal plates are called Elec- 
trodes: the one connected to the end of the battery 
which would have a positive charge being called the 
Anode, while that connected to the negative side of the 
battery is called the Cathode. Salts are compounds of 
metals with non-metallic compounds, and it is found 
that the metal is deposited on the cathode while the 
non-metallic part goes to the anode. In many cases 
this non-metallic part reacts with the water after libera- 
tion, and so cannot be collected in its original form, 
being usually replaced by a chemically equivalent 
quantity of oxygen. In some cases the metal also reacts 
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after liberation at the cathode, and hydrogen is pro- 
duced instead. But metals such as silver, which are 
not attacked by water, are deposited on the cathode in 
the solid state and form a coating on it. 

These facts had been known for some time, and, 
indeed, Faraday’s old master. Sir Humphry Davy, had 
used the electrolysis of molten salts, which show an 
effect similar to the above, to isolate the metals sodium 
and potassium. Faraday applied quantitative measure- 
ments to the process, and found a result which may be 
expressed in modern terms by saying that the weight of 
different metals deposited by a given current in a given 
time is proportional to the atomic weight of the 
element divided by its valency. One can see at once 
that this is precisely the result which would occur if the 
atoms of the metal carried the current, and if each atom 
carried a charge proportional to its valency. The charge 
carried by a monovalent atom, e.g. silver, would then 
form a natural unit of charge. Since the liquid is in the 
same circuit as the wires from the battery and thus 
carries the same current, and the current in these wires 
shows no abnormality, it becomes highly probable that 
all currents, and hence probably all charges, are com- 
posed of units of this kind. Since the metal atoms 
move to the negative pole, the charge on them is pre- 
sumably positive. If a positive charge leaves the solu- 
tion, an equal negative charge must leave it also, or the 
solution will acquire an increasing negative charge as 
the electrolysis proceeds, which is not, in fact, the case. 
Thus the non-metallic part must also carry a charge, 
and the same law of units is found to hold for it also, 
though the investigation is somewhat complicated by 
the chemical reactions referred to above. 

Further, since the salt disappears from the solution 
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without leaving an excess of either constituent and 
without leaving a residual charge, the units in the two 
cases must be equal of opposite kinds. 

While there is strong presumption here for the exist- 
ence of atoms of electricity, it does not amount to proof 
any more than does the chemical evidence for atoms of 
matter. The solutions certainly behave as they would 
behave if electric charges were divided into units in 
this manner, but alternative explanations are quite 
conceivable. For some reason much less stress was 
laid on the unitary nature of electricity than on the 
atomicity of matter, and for fifty years nothing of 
fundamental importance was added to Faraday’s view. 
To complete the proof it was necessary to find one of 
Faraday’s unit charges disentangled from the atom 
that bore it. 

The advance came from the study of the passage of 
electricity through gases, as Faraday’s original idea 
came from the study of liquids. A gas in a normal state 
does not conduct electricity, but if the electric tension 
is made sufficiently great the insulating properties of 
the gas are broken down and a spark passes. This 
happens with greater ease if the gas is at a reduced 
pressure, and in the seventies and eighties of last 
century much experimental work of a qualitative kind 
was done on these discharges, which are generally 
luminous and often show beautiful colour effects. 

Among other phenomena studied were those of the 
cathode rays, which had been discovered as early as 
1859. They appear as a beam of light which starts from 
the cathode and usually diverges from it. Where it 
hits the glass walls of the tube it produces a green 
fluorescence. The rays are bent if a magnet is brought 
near the tube in which they are formed. They require 
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a fairly low pressure before they show up well. The 
pressure should not be more than of that of the 
atmosphere, and in experiments on the rays is usually 
much less. These rays had excited a good deal of 
interest from the time of their discovery, and opinion 
was divided as to whether they were properly regarded 
as charged particles or whether they were more allied 
to the Hertzian or wireless waves which had been dis- 
covered in the early eighties. But the extraordinary 
importance which these rays were to have in the history 



Fig. 5. — The lines of force of the magnet (not shown) are 
perpendicular to the paper. 

From Sir J.J. and G. P, Thomsony ^Conduction of Electricity through 
Gases' y VoL i; Cambridge University PresSy 1928. 

of physics was not fully realized until Sir J. J. Thomson 
in 1897 was able to prove that the rays carried an 
electrical charge far larger in proportion to their mass 
than that of any other known body. The method con- 
sisted in first measuring the extent {p p', Fig. 5) to 
which the rays were deflected by a magnet of known 
strength, and then pulling the rays back to their 
original direction by allowing them to pass between 
two plates (D and E, Fig. 5) connected to the poles of a 
powerful electric battery. The electric force on the 
rays is thus balanced against the magnetic, and exactly 
compensates it for a certain strength of battery. A 
mathematical investigation shows that from the results 
of these two experiments it is possible to deduce the 
proportion of electric charge to mass for the rays and 



THE ATOM 


36 

also their velocity. The importance of this proportion 
is seen when we remember that in Faraday’s experi- 
ments the mass carrying a given charge is a measure of 
the atomic weight of the substance. 

It is important to notice that, since the cathode ‘rays’ 
carry a charge, they are fundamentally different from 
light and its allied radiations described in Chapter II. 
Thus they have no place in the spectrum (Fig. 3). The 
word ‘ray’ as applied to them only implies a tendency 
to go on straight lines unless deflected by some special 
cause. 

If, then, cathode rays have a charge more than a 
thousand times greater than the atom of hydrogen, the 
conclusion suggests itself that they are particles of less 
than of the mass of what was till then the lightest 
known object. The evidence is not complete. It is 
possible that the abnormality is due rather to the large 
charge than to the small mass, but a strong argument 
against this is that the proportion of charge to mass is 
the same for all cathode rays, whatever the gas through 
which they pass and whatever the material of the 
cathode from which they start. Now it is very unlikely 
that if, for example, a cathode ray were really an atom 
of hydrogen with more than a thousand of Faraday’s 
unit charges upon it, that this number will always be 
the same in very varying conditions. Further, Lenard 
had shown that cathode rays could pass through thin 
sheets of metal which were perfectly gastight and with- 
out leaving any trace of their path. It did not seem 
very likely that atoms would be able to pass through a 
solid in this way. But the final proof requires the deter- 
mination of the actual charge. While this could not 
easily be done for the cathode rays, J. J. Thomson was 
able to show that certain particles emitted by metals 
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under the action of ultra-violet light showed the same 
abnormally large proportion of charge to mass as the 
cathode rays. These particles, if emitted in air, soon 
attach themselves to the molecules, and in this state it 
is possible to measure their charge. The measurement 
showed a value in good agreement with the value then 
accepted for Faraday’s unit of charge. It is true that 
this last was not known with any great accuracy, for 
though it is easy to measure the total charge carried 
by a given volume of hydrogen, it is difficult to tell 
how many molecules this contains. It is hardly worth 
while describing the methods by which various 
estimates of this number had in fact been made, as they 
have been entirely superseded by methods based on the 
electron itself. But though they left much to be desired 
in accuracy and certainty, there could be no possible 
question of a thousandfold error, and indeed the 
agreement was surprisingly good. 

This work made the first definite breach in the view 
that the chemical atoms were the ultimate smallest 
constituents of the universe. Not merely were the 
particles forming the cathode rays lighter than the 
lightest atom, but since they were independent of the 
varied materials from which they could be derived, it 
became practically certain that they formed a universal 
constituent of all forms of matter. The name electron 
is now universally given to these particles, and it is a 
curiosity of history that it was originally suggested by 
Johnstone Stoney in 1891 as a name for Faraday’s 
unit charge, years before the experimental proof of its 
existence as a separate entity. 

But whatever the structure of atoms may be, and 
from this time on it may be said to have become the 
central question of physics, it is at least certain that they 
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must contain something besides electrons. All elec- 
trons are the same and have the same negative charges, 
and any two negative charges repel each other. For 
example, two pinheads, if each were made wholly of 
electrons, would repel each other if placed near together 
with a force greater than the weight of a body equal to 
the earth. Since, of course, no such effect occurs with 
pinheads or any other ordinary matter, there must be 
a positively charged constituent to neutralize the 
electrons. This positive constituent appears to have 
approximately the mass of a hydrogen atom, which the 
latest measurements show to be about 1,844 times that 
of an electron. A hydrogen atom is, in fact, formed of 
one electron and one positive unit. Lord Rutherford 
named this positive unit the Proton. 

Since the hydrogen atom is neutral the charge on the 
proton must be numerically the same as that on the 
electron but with opposite sign, so that when added 
together they cancel. Every other neutral atom must 
thus contain equal numbers of electrons and protons. 
But it is, in fact, possible by various methods to detach 
one, or sometimes more, electrons from an atom, 
leaving it with a resultant positive charge. Also some 
atoms, but not all, are capable of picking up an extra 
electron if one is present free in the neighbourhood. 
This, of course, gives them a negative charge. Such 
charged atoms are known as Ions, and are, in fact, the 
carriers of the current in Faraday’s experiments on 
liquids, so that we see why the charge carried by an 
atom is always a multiple of a natural unit. 

The evidence that the proton is indeed the proper 
unit to choose is largely negative. No one has ever 
succeeded in removing more than one electron from a 
hydrogen atom, or in dividing it in any other way. If the 
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hydrogen atom really contains only one electron, then the 
residue after it is removed will be a body with a positive 
charge numerically equal to that of the electron, and thus 
it is probably the unit we are seeking. Of course there 
can never be any proof that the proton, or for that matter 
the electron, does not, in fact, consist of a number of 
smaller units. All we can say is that there is no sign 
of either splitting up in any of the experiments which 
have so far been made. Besides these charged units, 
atomic physics now recognizes a third unit, the neutron, 
in weight practically identical with the proton but 
without its charge. The evidence for this will be dis- 
cussed in Chapter X but for the present argument, 
and apart from a very slight difference in mass, the 
neutron is virtually equivalent to a proton whose posi- 
tive charge has been neutralized by the very close 
attachment of an electron, an attachment much closer 
than exists in the hydrogen atom. 

There is one consequence of the above view which 
is very interesting as leading us back to a theory, once 
popular but for long discarded. If every atom is made 
up of equal numbers of electrons and protons, the 
weights of all the atoms will be multiples of the weight 
of the atom of hydrogen. In other words, atomic 
weights reckoned in terms of hydrogen would all be 
integers. Now this view had been suggested by Prout 
in the very early days of Dalton’s theory. The idea had 
obvious attractions and a considerable vogue, but with 
increased accuracy of measurement it became clear that 
the facts were against it. Many elements showed atomic 
weights which were definitely not integral. For ex- 
ample, the atomic weight of chlorine is 35-5, but it is a 
curious fact that a surprisingly large proportion of the 
atoms, including many of those whose atomic weights 
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were known with the greatest accuracy, did obey a 
whole number rule. There were more than could be 
explained by mere chance, and yet there were plenty of 
undeniable exceptions. The explanation has come since 
the War as a result of the remarkable experiments of 
Dr. Aston. He has been able to show that the atoms of 
some, but not all, of the elements are of more than one 
kind. Thus, to take the particular case of chlorine, 
there are some atoms with a weight of 35 and others 
with a weight of 37. It may be said that this is equiva- 
lent to stating that chlorine is really a mixture of two 
elements, and from one point of view this is a just inter- 
pretation. But the two kinds of chlorine have proper- 
ties so nearly identical that it has been decided that the 
appropriate nomenclature is to continue to speak of 
chlorine as an element, and to coin a new name for the 
two constituents. They are called Isotopes. The 
identity in properties is, in fact, so nearly complete that 
it is only with the utmost difficulty that it is possible to 
produce even a slight variation in the proportions in 
which they naturally occur ; to produce, that is to say, 
a brand of chlorine containing, for example, rather 
more of the 37 and rather less of the 35 constituent 
than is normally found. All the ordinary chemical 
means which are used to separate one element from 
another are quite powerless to effect any change in this 
proportion, and it is only by using methods which 
depend directly on the weights of the atoms that it is 
possible to do so. 

This discovery of isotopes introduces a rather embar- 
rassing complication when one tries to make a simple 
statement of the atomic theory. In giving the rough 
sketch which forms the first chapter of this book it 
seemed better to ignore it, so that some of the statements 
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there, as remarked in a footnote, are not strictly 
accurate. It is found that a considerable proportion of 
the elements are mixtures of isotopes, some having as 
many as eight or nine. It is now clear why some, but 
not all, of the elements show integral atomic weights. 
Those which do so are those which have only one kind 
of atom. When there are isotopes, the measured 
atomic weight is merely a mean value which will 
depend upon the proportions in which the isotopes are 
mixed. At present nothing is known of the causes 
which result in some atoms having many isotopes and 
others being single, nor is it known why the isotopes, 
when they exist, occur in the proportions in which they 
are actually found in nature. The important fact is 
that the atomic weight of each isotope, to a fairly high 
degree of accuracy, is a whole number, in excellent 
agreement with the view that they are made up in each 
case of a whole number of electrons and protons. 
Curiously enough, the most marked exception to this 
rule is hydrogen itself. It will be remembered how we 
explained that it was now usual to take the atomic 
weight of oxygen as 16 exactly, and the others in pro- 
portion. It is on this scale that the whole number rule 
holds good. Hydrogen comes out as about 8 in a 
1,000 heavier than unity, a small fraction of this excess 
being due to the presence of heavier isotopes which form 
the recently discovered ‘heavy water’, but apparently 
the electron and proton, when in the form of hydrogen, 
are this much heavier than when forming part of other 
atoms. Later on, when referring to the structure of the 
atom, we shall have occasion to refer again to this 
curious exception. 



CHAPTER V 


THE WEIGHTS AND SIZES OF ATOMS 

S o far there has been little to show what the size 
or weight of an individual atom must be. All that 
it has been necessary to suppose is that they are very 
small compared with any manageable quantity of 
matter. The atomic weights of which we have been 
talking are all relative. They tell us merely by how 
much one atom is heavier than another, but give us 
no hint as to how many go to, say, the pound. To find 
this out we must go back to electrical considerations. 
Faraday’s experiments showed how much electricity 
was carried by a weighed amount of any element 
deposited in electrolysis, but on the theory of the last 
chapter each atom of the substance in the solution has 
an excess of positive over negative, or of negative over 
positive, represented by the presence or absence of one 
or more electrons, the number representing the valency. 
This last being known chemically, we have only to 
divide the amount of electricity required to carry i lb. 
of the element by the charge on an electron and by the 
valency, to find the number of atoms contained in the 
pound. Thus the problem of the determination of the 
weight of an atom is reduced to the determination of 
the charge of an electron. This charge is commonly 
denoted by the letter ‘e’. It was stated in the last 
chapter that this determination had been made, but 
we will now describe, not J. J. Thomson’s original 
method, but the much more accurate one that has since 
been used by the American physicist. Dr. Millikan. 
The method consists in forming a very fine spray of 
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oil, SO fine that the little drops fall very slowly in air, so 
slowly, in fact, that they can be viewed in a microscope 
and timed with a stop-watch as they fall from one 
spider line to another in the field of view. If any free 
electrons or other gaseous ions are present in the air 
through which these drops are falling, every now and 
then one of them will come in contact with the drop 
and cling to it, so that the drop becomes charged. 
Such free electrons can be produced by passing 
X-rays through the air. Now when the drop is charged 




Oil sprayed in. 



Wires to 
battery. 


Fig. 6. — Millikan’s Apparatus for Finding the Electronic 

Charge. 


it is subject to electric action, and if the whole process 
takes place between two metal plates the motion of the 
drop can be modified as desired by electrifying the 
plates. Instead of falling, it may be pulled upwards by 
the electric force. If the electricity is switched off the 
drop will fall again, and the process of rise and fall may 
be repeated many times. 

Millikan was able in this way to play a kind of cup 
and ball with his oil drops, sometimes following the 
same drop moving up and down over about of an 
inch for an hour at a time. Now the rate of fall of a 
drop will depend upon its size, as is familiar in the case 
of rain. The large rain-drops fall fast, while the very 
minute drops, which we call mist, fall so slowly that 
their downward motion is obscured by chance currents 
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of air. Hence by timing his drop when it was un- 
charged Millikan could tell its size and weight. Now 
take a simple case. Suppose that when the electricity 
was applied the drop moved up as fast as before it had 
moved down. Then clearly the electric force upon 
it was twice its weight, once to balance the weight and 
once to give it the same motion upwards that the 
weight had given it downwards. Now the degree of 
electrification of the plates could be measured, and 
hence the charge on the drop could be calculated. 

But we may ask, how could one be sure that the 
charge really was an electron? The answer is that it 
was indeed not always one, but that the very variation 
was perhaps the strongest proof that had yet been 
obtained of the electron theory. For Millikan found 
that the speed of the drop in the electric field under- 
went sudden changes, sometimes in one way and some- 
times in another, but that the changes in velocity were 
always the same, and thus could be accounted for by 
supposing that the particles lost or gained a unit 
charge. From the change in speed the magnitude of 
this charge could be found, and the total charge on the 
drop was found to be always an exact multiple of this 
unit. The jerky changes of charge by the same definite 
unit each time are surely most conclusive evidence that 
electricity is not continuous but is divided into small 
units. The value which Millikan found, io'^° 

electrostatic units probably does not convey much to 
any but the professional physicist. However, the 
deduced value of the weight of a hydrogen atom, from 
which that of any other atom can easily be found, 
shows clearly the extreme minuteness of the scale on 
which the universe is constructed. The weight in 
grammes is 1-65X10"^''. This figure means that 
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eighty thousand million million million even of the 
heavy lead atoms would be required to form an ounce. 
Put in another way, the weight of a hydrogen atom 
bears about the same relation to a small shot that the 
weight of a man does to that of the whole earth. Or 
again, the smallest particle that can be clearly seen in 
a microscope would probably contain a number of 
atoms greater than the population of the earth. 

Once the weight of an atom is known, it is easy to 
arrive at some sort of an idea of its size, because the 
great resistance to compression shown by solids and 
liquids suggests that the atoms in these cases are 
probably nearly or quite in contact. Knowing, for 
example, the number of atoms in i oz. of lead and the 
volume occupied by the ounce, we can deduce the 
average space occupied by each atom, but of course 
this would not give a very exact value, because we 
have no right to assume that the atoms take up all the 
space. For example, a bag of marbles may be full in 
the sense that no more can be forced in, and yet there 
is bound to be a considerable amount of empty space in 
the interstices between the marbles. However, making 
the rough calculation on the lines indicated it is found 
that most atoms have a diameter of about jgg millionth 
of an inch. In order to find the exact sizes it is neces- 
sary to know how the atoms are arranged in particular 
substances, for only thus can we tell how much of the 
volume of a given substance is actually occupied by 
them, and how much represents the spaces between the 
marbles on our analogy. This has been made possible 
by the use of X-rays, whose short wave-length enables 
them to be used as a kind of light to ‘see’ the relative 
positions of the atoms. This could not be done with 
ordinary light, for it can be proved that there is a 
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natural limit to the power of a microscope in virtue of 
which objects can only be distinguished separately if 
they are further apart than about half a wave-length. 
For ordinary light this is about a thousand times the 
size of an atom. For X-rays it is appreciably less than 
atomic dimensions. 



CHAPTER VI 


THE ARRANGEMENT OF ATOMS IN 
CRYSTALS 

W E have seen (p. 25) how the fact that the atoms 
in a crystal are arranged in a regular pattern can 
be made use of to measure the wave-length of X-rays. 
Conversely, it is possible to use X-rays of known wave- 
length to investigate the arrangement of the atoms in a 
particular crystal. We have compared the atoms in a 
crystal to soldiers drawn up in close order, and this 
regularity of arrangement shows itself in the regularities 
of outward form which first attracted the attention of 
naturalists and chemists to these bodies. If one 
examines a crystal of fair size, whether it be a natural 
one such as a piece of rock crystal (quartz), or one 
made artificially such as one of washing soda, the first 
thing that strikes one is that the crystal is made of a 
number of flat surfaces meeting along straight lines. 
If one examines a number of specimens of crystals of 
the same substance, one sees a general resemblance 
between them, but not apparently an exact similarity. 
For example, crystals of quartz may be long and thin 
or short and stumpy, but they are nearly always six- 
sided prisms capped with a point made of a number of 
facets. The careful measurements of crystallographers 
have proved that every face of a crystal can be assigned 
certain numbers which describe its position, and that 
the angle between any pair of faces described by the 
same numbers is the same for all crystals of the same 
substance however grown. The meaning of this law 
can best be seen by considering a very simple model 
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in two dimensions. Imagine a number of atoms 
arranged in a simple square pattern as shown, and thus 
constituting a kind of crystal. The possible faces are 
planes (or rather lines since our atoms are arranged on 
the flat and not in space), which pass through a number 



Fig. 7. — Rectangular arrangement of atoms. 


of atoms. Some of the simplest are shown by the 
dotted lines in Fig. 7. Now a real crystal would be 
represented by a region like ABCD bounded entirely 
by possible faces. If one face is shifted parallel to 
itself, e.g. AD to A'D', a considerable change is made 
in the appearance of the crystal, but from the crystal- 
lographer’s point of view this is quite a secondary 
matter, the important thing being that all the angles of 
A'BCD' are the same as those of ABCD. The business 
of the crystallographer is to find and measure all the 
faces which ever occur in a crystal of a given kind, and 
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find some simple way of expressing their directions. 
The way that is used depends on what are called the 
Axes of the crystal. These are certain directions in the 
crystal which correspond to some specially simple 
regularities in the arrangement of the atoms. For 
example, OX, OY, in Fig. 7. They are not neces- 
sarily at right angles, e.g. Fig. 8, and in certain cases 
there may be more than one set which would do equally 



Fig. 8. — Oblique arrangement of atoms. 

well. When suitable axes have been found, every 
possible face can be described by the relative number 
of steps from O at which it cuts the axes. Thus for the 
face AB (Fig. 8) the numbers are equal, 2 on each. 
Notice that the numbers are also equal if the axes are 
drawn as O'X', O'Y', or if the face is drawn as A'B'. 
In all cases it is only directions which matter. For real 
crystals three axes have to be taken corresponding to 
the three dimensions of space. The faces are denoted 
by ‘indices’ which are the number of planes in the 
series parallel to them which would go through unit 
space on each axis. Thus the planes drawn in Fig. 9 
have index 2 for the X axis and index i for the Y axis. 
The unit spaces may be different for the different axes. 
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So far we have thought of the crosses in the diagrams 
as meaning individual atoms. In the case of com- 
pounds the atoms will be of different kinds, but in all 
cases there is a definite group of atoms, which may or 
may not be the ordinary chemical molecule, which 



Fig. 9. — Dotted lines show a set of crystal ‘planes’. 

acts as a unit in the pattern. The pattern can be made 
up by endless repetition of this elementary group, each 
group being placed exactly parallel to its neighbours 
and at constant distances from them, very much like 
the pattern on a wall paper. In Fig. 10 this is illustrated 
by the repetition of the comma-shaped objects. Now if 
we take the same point of each group we shall get an 
arrangement of points like those we had before, nor 
does it matter which particular point of the group is 
taken. This is illustrated in Fig. 10, where the patterns 
of the crosses and circles are clearly identical except for 
a bodily shift. The pattern formed in this way by 
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representative points of the various groups of a solid 
crystal is called a ‘space lattice’. 

Crystals possess varying degrees of symmetry, which 
shows itself as a regular repetition of the faces. Take, 
for example, an ideal crystal in the form of a cube. It 
possesses a number of kinds of symmetry. For ex- 
ample, take a line through the middle of one face at 
right angles to the face. If the cube is turned about this 



line, it will occupy its original position four times in a 
revolution. This is called an axis of fourfold symmetry. 
Again, each line joining a pair of opposite corners of 
the cube is an axis of threefold symmetry. There are 
also a number of planes of symmetry, such that if they 
were mirrors, the reflection of one half of the cube 
would coincide with the other half (Fig. ii). An 
actual crystal may have more symmetry than appears 
from its outward shape; thus a crystal which, so to 
speak, ought to have been a cube, may have been dis- 
torted because its growth in certain directions has been 
interfered with. In consequence the sides of the cube 
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may have grown of unequal lengths; but unless the 
distortion has been so great as to prevent the formation 
of the faces altogether, the angles will be unchanged and 
the symmetry of the ideal undistorted crystal can be 
restored in imagination. This symmetry is a conse- 
quence of the symmetry of the atomic arrangements. 



Plane of 
symmetry. 


Thus the space lattice of Fig. 7 is such that if the whole 
pattern is turned about one of the crosses, it will coin- 
cide with its original position four times in a revolution. 
In the case of Fig. 8 and Fig. 9 it will only coincide 
twice. Again, in Figs. 7 and 9 if the pattern is folded 
across any line parallel to OX or OY joining the 
crosses, the part folded over will coincide with the rest, 
but this is not true for Fig. 8. One can see, then, how 
from the observed symmetry of the finished crystal one 
can deduce a good deal as to the arrangement of the 
groups. Something can even be deduced as to the 
structure of the groups. Thus, to take a case in two dimen- 
sions, if the molecule were entirely unsymmetrical, 
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represented by a comma, and the system showed 
a fourfold axis of symmetry, not merely must the space 
lattice show this symmetry, but the group which fills 
the lattice cell must show it also. One way in which 
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Fig. 12. — Lattice of symmetrical groups. 


such a symmetrical group can be built out of unsym- 
metrical pieces is shown, arranged in a lattice, in Fig. 
12. Notice that two kinds of objects, commas, have to 
be used which differ as the print of a right foot differs 
from that of the left. 

In three dimensions the same kind of argument 
applies, but the problem is more complicated and the 
possibilities more numerous. However, the reader may 
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be prepared to believe that in the case of crystals which 
show a high degree of symmetry and whose molecules 
are fairly simple, there are not many possible alternative 
arrangements of the atoms which would give the 
observed symmetry. Nevertheless, until the discovery 
of the diffraction of X-rays by crystals, it was not 
possible to fix definitely the arrangement of the 
atoms in even the simplest crystal. 

The principle of X-ray diffraction is an extension of 
that of the diffraction of light waves by a grating of slits. 
If light of a single wave-length is transmitted through 
a glass plate ruled with a number of fine lines close 
together, a number of beams are formed. One consists 
of the light which goes straight through without 
deviation; this is unimportant for our purpose. On 
each side of this are a series of beams at definite angles 
of which the nearest are usually the strongest, and will 
alone be considered. Thus taking the light deviated to 
one side only, there is one strong beam, but the angle 
at which this beam comes off depends on the wave- 
length, so that if several wave-lengths were present in 
the original light there would be beams in several 
directions. This group of beams constitutes the spec- 
trum of the light formed by the grating. This is what 
happens when the ruling on the glass forms a single 
series of scratches regularly spaced, as is normally the 
case in practice (Fig. 13a) (the scratches are practically 
equivalent to a series of opaque obstacles on the glass). 
But if we made a grating with two regular spacings 
(Fig. 136) we should find that the beam corresponding 
to each wave-length was doubled, and we should get 
two spectra superposed. This of course would be an 
inconvenient complication, and nobody would deliber- 
ately make a grating like this, though such effects do 
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sometimes occur as the results of accidental errors in 
the ruling. In a crystal we cannot help it happening as 
we have to take what nature provides, and though it 
may be an inconvenience from the point of view of 
investigating the X-rays it is of great value when we 




Fig. 13. — Single and double spacings. 

want to find the crystal structure. The principle is that 
every regular spacing gives its own spectrum. For 
a crystal the ‘regular spacing’ in question is that 
between successive pairs of planes all drawn parallel to 
the same crystal face and passing through points of the 
space lattice. Such a spacing is marked ‘d’ in Fig. 9. 
Since there are many possible crystal faces there are 
many spectra. Also since the X-rays penetrate the 
crystal it is not necessary for the face to have been 
actually formed at the surface. The regularity of 
structure exists, though the face may have broken 
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away, or never even formed because it has been 
crowded out by the growth of adjacent faces. Indeed, 
since some of the crystal faces grow much more readily 
than others, many possible faces are rarely or never 
found in practice, but the corresponding regularities can 
be detected by X-rays. For example, in the diamond, 
which is crystalline carbon, most natural crystals are 
rounded, owing either to the surface having been 
ground away or to the interference of the surrounding 
material with the process of crystallization when the 
diamond was formed. The facets artificially cut on 
gems do not necessarily correspond to any possible 
natural faces. 

There is one important distinction between a crystal 
and a plane grating with many spacings. The latter 
would give all its spectra simultaneously, the former 
only gives a spectrum with a particular wave-length if 
it is held at the proper angle. This difference is caused 
by the fundamental difference between a three- 
dimensional arrangement of atoms, and a spacing of 
parallel lines on a plane. It is a fortunate one for the 
investigator of crystals, for it saves him the confusion 
which would occur if all the spectra appeared simul- 
taneously. On the other hand, he has to provide his 
apparatus with some device for rotating his crystal in 
all directions, so as to place it at the proper angles to 
the rays to give the spectral lines. 

When this work was first begun, neither the wave- 
length of the X-rays nor the arrangement of the atoms 
was known. The first step is to find the arrangement in 
one crystal, then this can be used to measure wave- 
lengths, and with the wave-lengths known more com- 
plicated crystals can be attempted. After the original 
discovery by Laue of the existence of X-ray spectra, 
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W. L. Bragg (now Sir Lawrence Bragg) succeeded in 
solving the first problem using common salt, of which 
large crystals occur in nature as rock salt. This is a 
simple compound in which one atom of sodium com- 
bines with one of chlorine, and the crystals are highly 
symmetrical. The alternative arrangements can be 
restricted to a few possibilities by arguments on the 
lines of those we have just been considering. Further 
progress can be made by using the X-ray spectra. It 
will be remembered that the deviation of a beam 
depends on the relation between its wave-length and 
the spacing of the grating, in this case, of the crystal. 
Thus even if the actual wave-length is unknown, the 
position of the beams formed by the different spacings 
in the crystal gives their relative values. In this way 
the possibilities can be still further restricted. Finally 
the intensity of the different beams depends on the dis- 
tribution of the atoms in a way which can be calculated 
roughly, so that the observed effects can be compared 
with those to be expected on various possible arrange- 
ments. Now potassium chloride forms crystals very 
like those of sodium chloride, and the close chemical 
similarity made it very likely that the atoms were 
arranged in the same way in the two crystals, except for 
the exchange of one atom of potassium for each atom 
of sodium. A comparison of the intensities for the two 
crystals made it possible to settle the structure of each. 

Once the arrangement is known the distance apart 
of the atoms is easily found as follows. A certain 
typical cube in the structure contains 4 atoms of 
sodium and 4 of chlorine. The weights of these are 
known, and we have only to find what sized cube of 
common salt would have their weight; this is easily 
done since the weight of a block of a centimetre cube 

C 



THE ATOM 


58 

can be found directly. From this typical dimension the 
distance between the centres of the atoms can be found 
from the geometry of the arrangement. 

Knowing then any typical spacing and the position 
of the corresponding beam, the wave-length of the 
X-rays used to form it can be found. The results led 
Moseley to the classification of the atoms in their 
natural order as described on p. 26. For the purposes 
of further work on crystals, known X-rays are used and 
the different typical spacings can be determined. With 
these and the symmetry as guides, considerable pro- 
gress can be made in unravelling the atomic arrange- 
ments of other crystals. But except in the simplest 
cases there are still many possibilities which can only 
be distinguished by measuring the intensities of the 
spectra. 

Investigations of this kind are, moreover, by no 
means easy, for besides the difficulties which most 
people always find when it is necessary to think in the 
solid, it is unfortunately not always possible to con- 
struct an infallible machine which will work back from 
the observed intensities of spectra to the arrangement 
of atoms which causes them. Thus the process is neces- 
sarily a tentative one, and practically amounts to trying 
probable arrangements of atoms until one is found 
which will fit. In spite of these difficulties, the struc- 
ture of a large number of crystals has been solved 
largely as the result of the work of Sir William Bragg 
and his son. Sir Lawrence Bragg. One discovery has 
been of great help in this work; namely, that in many 
cases at least the crystals can be regarded as built up 
of spheres representing the different atoms and touch- 
ing one another, the sizes of these spheres being charac- 
teristic of the different atoms. Thus if, for example, 
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the positions of some of the bigger atoms can be fixed, 
it is often found that there are only a limited number 
of places where room can be found for the others. The 
process is a little like the last stages of a jig-saw puzzle 
when it becomes obvious that only in a few places is 
there room for a particular piece. This discovery is 
equivalent to assigning definite sizes to the atoms, and 
shows that they can be regarded, at least approximately, 
as spheres. These sizes are not quite exact in the sense 
that slight variations have to be assumed to fit different 
crystals, but the variations are not more than might 
reasonably be expected as a consequence of the distor- 
tions caused by the forces between the atoms. The 
fact that one can build up crystals out of atoms, like 
making piles of cannon-balls, makes the atoms seem 
extremely real and vivid. The sizes of the atoms, found 
in this way, small though they are, are almost as directly 
measured as if it were actually possible to measure their 
sizes under the microscope. The diameters of most 
atoms found in this way are round about a hundred- 
millionth of an inch. Though sizes vary, there is much 
less variation in size than in weight, few atoms being 
so small as half this diameter or so large as twice it. As 
a comparison it may be remarked that the most accurate 
fitting carried out in engineering is about of an 
inch, which would thus correspond to a thickness of 
10,000 atoms. It is, however, possible to prepare 
metallic films only about thirty atoms thick which will 
hold together and reflect light. 



CHAPTER VII 


RADIO-ACTIVITY 

T he two or three years following the discovery of 
X-rays at the end of 1895 probably brought forth 
a larger number of discoveries of the first importance 
in physics than any equal period before or since. 
Besides the work on X-rays this period covers the 
determination of the charge and mass of an electron, 
the foundation of the study of the conduction of elec- 
tricity through gases, and the fundamental experiments 
of what is now almost a science in itself, Radio- 
Activity. The starting-point was the discovery by the 
French physicist, Becquerel, that uranium emitted a 
type of radiation capable of affecting a photographic 
plate. This was the outcome of a search for new types 
of radiation stimulated by the discovery of X-rays. 

It was soon found that besides their photographic 
action the rays from uranium, like X-rays, had the 
power of making air conducting. This property, being 
more amenable to quantitative measurement, was that 
chiefly used in the further developments. The most 
important of these came from the work of Professor 
and Mme Curie, who found that it was possible to 
separate from the uranium by chemical means other 
substances which, weight for weight, were much more 
active than the original uranium. The first of these 
was named Polonium in honour of Mme Curie’s 
native country. The second is now world famous under 
the name of Radium. Though they constitute only a 
negligibly small proportion by weight of the uranium 
in which they are found, they contribute a considerable 
proportion of the whole activity. 
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The leading principle which guided the Curies in 
this work was that radio-active effects were essentially 
atomic. It made no difference how, for example, the 
uranium was combined. The activity for the same 
number of atoms was always the same, nor could it be 
altered by changes in physical condition such as heating 
or dissolving the uranium compound in water. Enough 
of the radium was extracted to make it possible to 
study its chemical properties, and it was found to be an 
element belonging to a well-known group in the 
periodic table and similar in its properties to the metal 
calcium, which forms the basis of the familiar chalk 
and limestone. There was nothing in its chemical pro- 
perties to lead one to suppose it capable of producing 
these remarkable physical effects, its only peculiarity 
being that, like uranium, it had a very large atomic 
weight. Uranium, indeed, was the heaviest of the 
elements, and radium comes not far behind. Other 
radio-active substances were discovered soon after, 
among them Thorium, one of the substances used in 
making gas mantles, and the element with the second 
heaviest atom then known. 

The radiations from uranium in its natural state are 
not all of the same kind. Three types were distin- 
guished as Alpha-, Beta- and Gamma- Rays, ^ this being 
the order of their penetrating power. The alpha-rays 
can only pass through two or three inches of air and are 
stopped by all but the very thinnest layers of solids ; the 
beta-rays can pass through thin sheets of aluminium; 
while the gamma-rays can penetrate a considerable 
thickness of lead. The further investigation of these 

^ These ‘rays’ were named before their nature was certain. 
As will be seen from what follows, only the last belongs to the 
class of light or ether radiations and has a place in the spec- 
trum. The others are charged particles. 
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radiations and of the connexion between the various 
radio-active elements is largely due to the work of 
Rutherford and his collaborators. 

Rutherford and Professor Soddy advanced the start- 
ling view that radio-activity was a process of spon- 
taneous change from one type of atom to another. The 
revolutionary nature of this idea may be appreciated 
when it is remembered that for a hundred years since 
the days of Dalton, if not earlier, scientists had been 
inclined to regard the atoms of chemical elements as 
indestructible and immutable. Much more or less 
good-natured contempt had been poured upon the 
attempts of the medieval alchemists to transform one 
type of element into another. It is true that J. J. 
Thomson had shown that electrons could be broken off 
from the atoms which contained them, and so had 
destroyed the idea of the atom as an indestructible 
entity. But the parts so removed are a very small 
portion of the atom, and what is more important, the 
rest of the atom preserves its chemical individuality and 
reverts to its normal state as soon as it can find another 
electron to join it. The change in radio-activity, on the 
other hand, is a permanent one, and the chemical pro- 
perties of the resultant atom are totally different from 
those of its parent. It would take too long to describe 
the methods by which were unravelled the relations of 
the long chains of radio-active substances now known 
to exist, but the main results are these. An atom of a 
radio-active substance may be likened to a loaded gun 
which sooner or later goes off, how or why are still 
complete mysteries. The bullet represents the ray, 
which in the majority of cases is either of the alpha or 
beta type. The rest of the gun forms an atom some- 
what lighter than the original, and of quite different 
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chemical properties, but this new atom in its turn is 
generally radio-active and goes off again ejecting a 
particle, not necessarily of the same kind as the first. 
The process goes on perhaps a dozen times, the final 
product being an atom of lead. There are three such 
series known, one starting from uranium, one from 
thorium, and another called the actinium series, which 
probably arises from a rare isotope of uranium. Thus 
every radio-active substance is continually breaking 
down into something else, and being replenished by the 
breakdown of something higher in the series. All, 
that is, with the exception of uranium and thorium, 
which have nothing to replenish them. 

The average life of the radio-active substances varies 
enormously, from less than of a second to 

thousands of millions of years. Times of almost every 
intermediate order of magnitude are represented ; thus 
we have substances with lives of a few seconds, minutes, 
days, years and longer epochs. Uranium itself has the 
longest of all, so that even during the lifetime of the 
earth the amount of uranium on it has probably not 
greatly diminished. Thus, if we think of the descent 
of radio-active substances as a kind of genealogical tree, 
the generations are of very unequal length. But there 
is another very fundamental difference between the 
life of a radio-active atom and of a man. In a human 
population the chances of death depend enormously on 
the age of the individual; if he survives a dangerous 
period in the first year or two of his life, he is likely to 
live to fifty or sixty. The death-rate among octogen- 
arians is very much greater than among men in the 
twenties. But with atoms this is not so. If they are 
subject to death they at least have the secret of 
perpetual youth. The atoms of a radio-active gas known 
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as Radon have an average life of five and a half days, 
but the survivors after five days are just as likely to 
live another five days as an atom of the same kind that 
has just been born. Those of them who survive their 
extra five days are as likely, or as unlikely, to live 
another five, ten or twenty days as a newly born atom. 
The death of an atom, in fact, appears to be pure 
chance and not the result of the running down of some 
mechanism inside the atom, as is the process which 
will ultimately cause the death of a man or animal from 
old age even if he has survived the vicissitudes of 
accident and disease. 

Chance is in truth only another name for ignorance 
of the causes, so perhaps we shall not always be 
obliged to describe radio-active change in this way. 
Nevertheless questions involving chance and the allied 
idea of probability seem to be playing an increasing 
role in physics, and there is an important school of 
thought which regards them as representing, in some 
cases at least, a limit to the possibility of knowledge. 

We must now turn from a consideration of the gun 
to that of the projectiles. The alpha particle was 
shown by Rutherford, in the course of the brilliant 
research which first established conclusively the trans- 
formation of atoms, to be itself an atom stripped of two 
electrons. When it regains these two, as it does near 
the end of its path, it becomes an atom of an inert gas 
helium which was first discovered in the sun from its 
spectrum, and afterwards found in some of the natural 
gases emitted from the earth. It is a light atom weigh- 
ing only four times as much as one hydrogen. The 
speed with which an alpha-ray is shot out is very great, 
and the effect is so vigorous that it is actually possible 
to detect a single one. If a screen is prepared coated 
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with a thin layer of certain minerals (zinc sulphide is 
the best) and a small amount of radium placed near it, 
the screen glows brilliantly. If the amount of radium is 
reduced so that an alpha-ray only reaches the screen 
once every few seconds, and if the screen is viewed 
through a suitable microscope, an observer whose eyes 
have been carefully rested by a long period in the dark 
sees, not a constant illumination, but an occasional 
feeble flash. This flash represents the arrival of an 
alpha particle at the screen. Thus by a process of 
simple counting we can find how many alpha-rays the 
source of radium sends out. By comparison of the 
electrical effect of this feeble source with that of a 
stronger one we can deduce the number of alpha 
particles which would be given out per second by a 
weighable quantity of radium. If the alpha particles 
from this larger source are fired into some vessel 
where they can be collected they will accumulate there 
as helium. After a considerable time enough helium 
will be collected to give a measurable volume, and thus 
by the direct process of counting a few and multiplying 
up, the number of atoms in a measured quantity of the 
gas can be determined. The results are in excellent 
agreement with the values found from the weights of 
the atoms calculated by the method explained in the 
earlier chapter, and form a magnificent confirmation of 
the theory. 

The directness of this method of counting (some- 
times called the scintillation method) is one of the 
clearest pieces of evidence for the reality of atoms. 
When, as is the case now, the conceptions of physics 
are being closely scrutinized from a philosophical point 
of view, such a direct piece of evidence is extremely 
valuable. It is true that we do not here actually see the 
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atom. Strictly speaking, we see only the light caused 
by its impact; but it would be as reasonable for an 
observer on a battleship at the Battle of Jutland to 
refuse to believe in the reality of German shells because 
no piece of one actually hit him, though he had seen 
the splashes they threw around him, as to disbelieve in 
the reality of atoms after this experiment. 

In constrast to the alpha-ray, the beta-ray is an old 
friend. It turns out, in fact, to be nothing more or less 
than an electron, going it is true somewhat faster than 
is usual in the cathode-rays. Curiously enough this 
difference in speed, though apparently of secondary 
importance, has in fact brought out a very important 
point. It is found that among the faster beta-rays 
whose speed is not far short of that of light, the mass 
is appreciably larger than the mass of an ordinary 
electron. It takes, that is to say, a greater force to bend 
a beta-ray of this high speed than one would have 
expected from experiments on the cathode-rays. 
Elaborate experiments have been made to measure this 
effect and to find the mathematical relation which 
connects the mass with the speed. A comparatively 
simple expression was found to give the best agree- 
ment. It makes the mass hardly vary until the speed 
becomes a considerable fraction of that of light. But 
when the mass begins to increase it does so at a 
rapidly increasing rate, so that, if the theory held, the 
mass actually at the speed of light would become 
infinite. Actually beta-rays are known with a speed 
only 2 or 3 per cent, less than that of light. For such 
an electron the mass is four or five times greater than 
the normal. 

The greatest interest of this result is that it is one of 
the most important confirmations of the theory of 



RADIO-ACTIVITY 67 

Relativity. As is well known, this theory predicts that 
no material object can travel faster than light. This 
must be so if the mass increases without limit as the 
speed of light is approached, for an indefinitely in- 
creasing force will be required to accelerate it as it 
approaches this limit, and no finite force can ever make 
it exceed it. Relativity, in fact, predicts a mathematical 
relation between mass and speed which is precisely 
that found for the beta-ray in these experiments. Not 
all the beta-rays, however, have velocities approaching 
this, and the velocities of the slowest are not greater 
than those of fast cathode-rays. 

The gamma-rays only differ from X-rays in their 
method of production and in being usually, though not 
always, of shorter wave-length than the X-rays that 
are commonly produced artificially. They appear to 
be for the most part a secondary consequence of the 
emission of the other rays. After the emission it seems 
that the atom is often left in an unstable state. It 
quickly rearranges itself, and the surplus energy forms 
the gamma-rays. Only one particle, be it an alpha- or 
a beta-ray, is primarily released in each atomic disin- 
tegration, but sometimes other slower electrons are 
emitted by a secondary process. 



CHAPTER VIII 


SOME CONSEQUENCES OF RADIATION AND 
COLLISIONS 

I T has already been stated that X-rays and the rays 
from radio-active substances have the power of 
making a gas through which they pass a conductor of 
electricity. In the following chapter we will examine 
the mechanism of this process. The above agents all 
produce the effect in the same general way, namely, 
by removing one or more electrons from some of the 
molecules of a gas, leaving these molecules with a 
positive charge. The electrons may remain free, or 
may attach themselves to other molecules of the gas, 
giving them a negative charge. It must be kept in mind 
that, since by convention the charge of an electron is 
negative electricity, a negatively charged molecule is 
one with an extra electron, while a positive charge 
implies deficiency of electrons. Protons can only be 
detached from an atom under very abnormal conditions 
to which reference will be made later. The charged 
molecules move under the influence of electric forces, 
and their motion constitutes the current in the gas. 
The process is very like that of conduction in liquids, 
with the important difference that in the gas the 
charged molecules, or ions as they are called, have to 
be produced by some external cause. If after exposure 
to X-rays the gas is left to itself the positive and nega- 
tive charges attract each other, and when the molecules 
carrying them come together the electron is transferred 
from the molecule which carries it to a molecule which 
is an electron short, thus re-formmg two ordinary 
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molecules. The power of conduction will then cease 
and the gas relapse into its ordinary condition. In a 
liquid, on the other hand, the ions are produced 
spontaneously. 

While a good deal was found out by various indirect 
methods of the way in which ionization is produced, 
there is one type of experiment which shows the pro- 
cess so clearly and vividly that it is not worth spending 
time in describing the older methods. The experiment 
referred to is due to Professor C. T. R. Wilson, and, 
like so many discoveries, had its first germ in the year 
following the discovery of X-rays. It depends on a 
process which at first sight has extremely little to do 
with atomic physics, namely the production of rain or 
mist. It is well known that when ordinary air, which 
always contains a certain amount of water in the form 
of invisible vapour, is sufficiently cooled the water is 
deposited in the form of drops. If this happens near 
the surface of the earth, we call it a mist; if higher up, 
a cloud. Now experiments made nearly seventy years ago 
in the artificial production of mist had shown a strong 
tendency for the water to condense on small particles of 
dust. It may be shown from arguments based on the 
theory of heat that it is very difficult indeed for a drop 
to form unless it has some centre on which to collect. 
In the ordinary way the dust particles in the air supply 
these centres, and the clearness of the air after rain is 
largely due to the fact that the dust has been used up 
in this way and fallen to the ground in the centres of 
the rain-drops. But Wilson showed that even in air 
that had been carefully filtered free of dust, condensa- 
tion could still occur to a slight extent, and that the 
number of drops was vastly increased by subjecting the 
air to X-rays or other ionizing agents. He concluded 
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that the centres of these drops were the ions, a 
few of which are always present in the air, owing 
chiefly to minute traces of radio-active substances on 
the earth. The method thus affords a means of deter- 
mining the number of the ions present in the air, and 
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Fig. 14. — Section of the Expansion Chamber in C. T. R. 
Wilson’s apparatus for measuring the track of Helium 
Atoms. 


The Piston PP is dropped suddenly from the position indicated 
by the dotted lines to the position indicated by the full lines; so that 
the air in the expansion chamber is suddenly chilled by the expan- 
sion, and fog settles on the tracks of the Helium Atoms shot out by 
the radium at R. 

{From Sir William Bragg, 'Concerning the Nature of Things': 
G, Bell ^ Sons, 1927. By kind permission of the Cambridge Scientific 
Instrument Co.) 


was in fact the basis of J. J. Thomson’s original method 
of measuring the charge of the electron. We are now 
concerned, however, with a quite different application. 

The cooling is produced in a cylindrical glass vessel 
containing moist air, the bottom of which can slide as a 
piston. If this piston is suddenly pulled down the air 
expands and cools. This effect is the converse of the 
well-known fact that compressing air, for example, in 
a bicycle pump, produces heat. The expansion is so 
adjusted that drops form on all the ions present, and 
the source of ionization is made sufficiently feeble so 
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that the drops are not so numerous as to be confusing. 
It is found that the drops show arrangements charac- 
teristic of the way in which the ionization has been 
caused. Take first the case which shows the simplest 
pattern : if the gas has been ionized by a minute speck 
of a substance which gives alpha-rays, radium itself for 
example, one sees a number of straight lines diverging 
from the speck, each made of drops so close together 
as to give the appearance of continuity. Sometimes the 
lines show slight angles, and sometimes, but very rarely, 
they fork into two. These lines of drops are often 
spoken of as ‘tracks’, and each one of them shows the 
path which an alpha particle has made in going through 
the air, producing ions all along its course. A photo- 
graph of these tracks is one of the most convincing 
proofs of the reality of individual particles in the rays. 
The rays must be regarded as producing ionization by 
the brute force of their impact, which bores its way 
through the molecules, knocking out some of the elec- 
trons with which it happens to come into particularly 
close collision. This process is called ionization by 
collision. 

If instead of a source giving alpha-rays we choose 
one of beta-rays we still get a series of tracks, but there 
is a characteristic difference which enables them to be 
distinguished at a glance from those furnished by the 
alpha-rays. The beta-ray tracks show gradual curves 
and are often twisted right round before they come to 
an end. The number of ions produced in a given dis- 
tance in each track is also less, so that the drops are less 
dense and the track has often more the appearance of a 
series of dots. Indeed, with suitable magnification 
and choice of conditions it is possible to see separately 
the individual ions that are formed, which as might be 
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expected occur together in pairs. Sometimes also little 
groups of ions, and even short tracks occur detached 
from the main ones. 

If the ionization is produced by a beam of X-rays the 
appearance is totally different. If the expansion 
chamber is shielded by lead blocks so that the rays only 
go through a part of it, this portion shows, after the 
expansion, as an intricate tangle of short curves looking 
rather like a pathway thickly littered with bits of straw. 
Each of the separate little curved tracks closely recalls 
that of a beta-ray in miniature. It is now known that 
they are, in fact, the tracks of electrons ejected by the 
X-rays with speeds very fast indeed by ordinary 
standards, but slow compared with the beta-rays, and 
comparable with those of ordinary cathode-rays. Thus 
X-ray ionization is a double process. First a few fast 
electrons are thrown out, and then these in their passage 
through other molecules of the gas produce ions by 
collision with them. Thus the ionized region will 
spread sideways some distance beyond the limits of the 
original X-ray beam. It is found that the greatest 
velocity of these fast electrons is determined by the 
wave-length of the X-rays : the shorter the wave-length 
the greater the maximum of velocity. Now a similar 
rule holds in the original production of X-rays. These 
as will be remembered are formed when the cathode- 
rays strike an obstacle, and the faster the cathode-rays 
the shorter in general is the wave-length of the X-rays 
produced. The connexion is more than merely qualita- 
tive, for the fastest electrons ejected by the X-rays are 
found to have a speed indistinguishable from that of the 
electrons to which the X-rays were originally due. 
Though only a few of the electrons are as fast as this, 
most of them have speeds quite comparable and as we 
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shall see later on this is an instance of one of the most 
far-reaching laws of modern physics. 

The Wilson method of investigation is only suited to 
the study of ionization by fast and therefore penetrating 
electrons. But electrons continue to ionize by collision 
down to relatively slow speeds of the order of of a 
fast beta-ray. The study of this kind of ionization has 
been carried out in a type of apparatus very similar to 
a wireless triode valve. Indeed, some of the early valves 
contained gas at a low pressure and made use of the 
effect. In this case the electrons are produced from the 
heated filament which lets them escape into the space 
round it like steam from boiling water. They are then 
driven through the gas by a high-tension battery. 
Ionization can be detected by changes in the currents 
between the grid and plate. It is found that ionization 
only occurs when the electrons exceed a certain speed 
which differs somewhat for different gases. For air it 
is about that which the electron acquires when acceler- 
ated by a battery giving 16 volts. An important fact is 
that light is produced in the gas by electrons of a 
smaller velocity, but here too there is a definite lower 
limit. Nothing happens until this is reached. It is as 
though an atom could be cracked by electrons, hitting 
it with more than a certain speed, and could be broken 
if the speed were somewhat greater. The analogy can 
be followed out to the extent that it has been shown 
that the 'cracked' atom, i.e. one emitting light, can be 
broken (ionized) by a smaller velocity than a whole one. 
But unlike a piece of crockery the atom has the power 
of mending itself, and returns to its normal state when 
it has finished emitting the light. 

The critical speeds above which the emission of light 
and ionization occur are of great importance in the 
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Study of the structure of atoms, and we shall have 
occasion to refer to these quantities again in that con- 
nexion. They are generally measured in terms of the 
voltage required to accelerate the electrons up to the 
speed in question. The value for ionization is called the 
Ionization Potential of the substance, and that for the 
emission of light the Resonance Potential. 



CHAPTER IX 


UNITS OF ENERGY 

P erhaps no development of modern physics has 
been so unexpected and surprising, even to those 
who have produced it, as the discovery that energy, 
like matter and electricity, exists in definite units. This 
discovery has coloured the whole progress of physics in 
the last forty years, and the group of conceptions and 
ideas derived from it are often spoken of as the Quan- 
tum Theory, though for the first half of this time there 
was nothing which could be described as a logical and 
self-consistent theory. Rather has there been a group 
of empirical results which seemed in some mysterious 
way to be connected together. It is the purpose of 
this chapter to explain in outline some of these facts, 
and to show the connexion underlying their apparent 
dissimilarity. 

First in historical order came the study of the radia- 
tion produced by what is technically called a constant 
temperature enclosure. By this is meant an enclosed 
furnace, the walls of which are all at the same tempera- 
ture. To study the radiation which this emits it is 
necessary, of course, to have a small hole somewhere 
to let out a sample, but this can be made small enough 
to have no appreciable effect on the conditions. Apart 
from the importance of such radiations as a practical 
means of measuring furnace temperatures, for which 
they are frequently used, their great interest lies in the 
fact that, as is shown both by theory and experiment, 
they are independent of the materials of which the 
furnace is made. They have therefore the peculiarity 
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of being a phenomenon caused by matter, but one 
which is independent of the particular kind of matter 
used. This suggests that they represent something 
fundamental in the scheme of things. Such radiations 
show a continuous spectrum, but not all parts of the 
spectrum are equally bright. There is one wave-length, 
or rather a region of wave-lengths, for which the 
radiation is most intense, and this wave-length de- 
creases as the temperature increases. This is really a 
more precise statement of the familiar fact that the 
colour of a glowing coal or piece of metal changes with 
the temperature, the light being first visible as a dull 
red, and becoming whiter as the temperature increases. 
The wave-lengths for which the radiation is strongest 
move from the red or long wave end of the spectrum 
towards the blue. If it were possible to raise the tem- 
perature of the glowing body sufficiently, it would 
appear of a bluish tinge. Strictly, of course, a single 
lump of coal does not form an enclosure in the proper 
sense, but the difference in quality of the radiation is 
usually not very great. 

Now when an attempt was made to explain on 
mechanical principles this distribution of the energy of 
the radiation in the spectrum, it was found not merely 
that the results predicted did not agree numerically, but 
that they were of a totally different character from what 
was observed to be actually the case. Thus in theory 
there should be no predominant wave-length, but at 
all temperatures almost the whole of the energy of the 
radiation should be confined to indefinitely short 
waves. This result can be shown to follow from very 
general mechanical principles if the assumption is made 
that energy can pass from matter to radiation, and back 
again, in continuously variable amounts. Up till then 
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this assumption had never been questioned, but 
Planck in the year 1900 showed that one could recon- 
cile the theory to the experiment, not merely roughly, 
but with the highest accuracy, if this assumption were 
denied. He supposed instead that changes of energy 
from matter to radiation and back again could only take 
place by definite amounts at a time. These amounts he 
called ‘Quanta’. It is thus as though energy, at least 
for certain purposes, partook of the atomic nature of 
matter and electricity; but there is a curious and very 
important difference. While all electrons have the 
same charge and all atoms of any one kind the same 
mass, the quanta are not all the same. The energy of a 
quantum, in fact, is proportional to the frequency of 
the particular kind of radiation whose transformation 
is being considered. By the frequency is meant the 
number of vibrations per second which the undulating 
medium carrying the radiation may be supposed to 
undergo. It is equal therefore to the velocity of light 
divided by the wave-length of radiation. Since one can 
have radiation of any possible wave-length, one can 
have quanta of any possible size. Thus the unitary 
nature of energy is somewhat less complete than that of 
matter. In the case of energy it is only for a given 
wave-length that all the units are equal. The sense in 
which energy is atomic may be illustrated by a simile. 
Imagine a bookshop containing a large number of 
copies of one book of each of a large number of 
authors. Then if the librarian is asked to furnish, say, 
exactly 2 lb. of books he will have no difficulty in 
making it up if he is allowed to pick and choose. But 
if he is told that all the books are to be by a certain 
author it probably will not be possible, because that 
particular author’s book might weigh, say, 7 oz., so 
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that five would be too many and four too few. It is 
in this sense that energy occurs in units. If we are 
restricted as to wave-length then the amount of energy 
which can be transferred is a multiple of a definite 
unit, but if there is no restriction of wave-length then 
the amount transferred can be anything we please. 

To represent the actual size of the unit, Planck in- 
troduced a quantity universally represented by ‘A’. The 
energy of the unit is h times its frequency. ‘A’ is known 
as Planck’s Constant, and its value was found by him 
from the measurements of the radiation. The value in 
the usual scientific units is 6-55 X 10'^^, but it will 
give a better idea of the real magnitude to say that for 
red light it represents about the energy which would be 
given to an electron by a potential of 2 volts. It should 
be noticed that the value of the quantum gets larger the 
shorter the wave-length, so that for a typical X-ray the 
corresponding voltage would be about 50,000. It is 
obviously in a region where the steps by which energy 
can change are very large that we are most likely to 
observe the effects due to them. Thus the differences 
between what would be expected on the quantum 
theory and on the older idea of a continuous inter- 
change of energy is most marked in the case of X-rays, 
and is hardly observable in wave-lengths larger than 
the visible. As long as the evidence for quanta rested 
only on the difficulty of interpretation of the radiation 
from a constant temperature enclosure, physicists were 
very unwilling to admit such a fundamental change in 
their ideas. But discoveries on quite other lines came 
to confirm it. It had been known for some time that 
a zinc plate emitted electrons under the action of ultra- 
violet light. This is called the Photo-electric effect and is 
really quite general. Any substance will emit electrons 
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under the influence of radiation, but the radiation 
must have a wave-length less than a value which 
depends on the nature of a substance and is called its 
‘threshold’. Now Lenard found the surprising result 
that the maximum speed of these electrons did not 
depend upon the intensity of the light. However 
strong the light the electrons came off no faster; the 
only difference was that there were more of them. Now 
if, as was thought at the time, light is a continuous wave 
motion, this is very hard to understand. The speed 
with which waves roll the shingle up a beach certainly 
depends upon their violence. But Einstein suggested 
that this was an instance of Planck’s quantum relation. 
He found that the experiments could be explained by 
supposing that each electron acquired the energy of one 
quantum of radiation. Among other things this ex- 
plains the ‘threshold’. The wave-length must be 
sufficiently short for the quantum to have enough 
energy to carry the electron clear of its surroundings, 
and this implies a minimum wave-length for a given 
substance. This idea has proved extraordinarily far- 
reaching and is the explanation of a large group of 
important experiments. For example, the ionization by 
X-rays can be regarded as an example of the photo- 
electric effect. The wave-length of X-rays being very 
short, the quantum is a very powerful one and the 
electron is ejected from the atom with great violence, 
so much so that it can ionize other molecules by colli- 
sion and produce the secondary ionization discussed in 
the last chapter. 

This is not the end of what can be deduced from 
Einstein’s idea. If radiation can only be produced a 
quantum at a time, then there must be an amount of 
energy at least equal to a quantum to produce it. Now 
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X-rays are formed when electrons are suddenly stopped 
and since the electrons presumably act independently, 
an electron can only produce a quantum of X-rays if it 
has itself an equal or greater amount of energy. Thus 
if, for example, the electrons in the cathode-rays have 
acquired energy by being accelerated by 50,000 volts, 
they can only give rise to X-rays whose quanta corres- 
pond to an amount of energy smaller than this. 
Applying Einstein’s relation and the value of h found 
by Planck, we can calculate the shortest wave-length 
which the X-rays can have, and it is found that in fact 
the X-rays are limited to those of wave-lengths greater 
than that so calculated. 

It is the same with the light emitted by atoms which 
have undergone a collision with an electron of the 
resonance potential. At the most the atom can only 
have acquired the full energy of the electron, and this is 
all, therefore, that is available for the radiation. Divid- 
ing the energy by h gives the maximum frequency. In 
this case, indeed, the light emitted is found by spectrum 
analysis to have only the one frequency, which agrees 
within the limit of experiment with that calculated in 
this way. 

The law, then, is a reciprocal one. It serves to 
determine the radiation produced as the result of 
impacts by moving electrons, and it also determines the 
speed with which an electron can be emitted when the 
radiation, in its turn, is absorbed by some other atom. 
How peculiar this law seems when stated in terms of 
the older view of radiation as waves in a continuous 
ether has been strikingly expressed by Sir William 
Bragg; 

‘It is as if one dropped a plank into the sea from a 
height of 100 feet, and found that the spreading ripple 



UNITS OF ENERGY 8l 

was able, after travelling i,ooo miles and becoming 
infinitesimal in comparison with the original amount, 
to act upon a wooden ship in such a way that a plank 
of that ship flew out of its place to a height of i oo feet. ’ 

The attempt to reconcile the new view with the old 
has been perhaps the greatest difficulty in physics 
during the present century. We shall see later on to 
what extent this difficulty has been overcome. 

A most striking characteristic of the quantum con- 
ception, and one which serves to show what a very 
fundamental part it must play in the structure of the 
universe, is the way in which it appears in apparently 
quite disconnected phenomena. The one to which we 
now turn is an abnormality which has been found in 
the capacity for heat of certain substances at very low 
temperatures, such as that of liquid air. The most 
striking instance is afforded by the diamond. The 
amount of heat required to change the temperature of a 
diamond by, say, i degree, diminishes rapidly as the 
diamond is cooled. Now heat is a form of energy, and 
the particular form which it takes, in the case of a 
solid, is that of a very rapid vibration of the atoms of 
the solid about their normal positions. We have to 
explain why an atom of a diamond at the temperature 
of liquid air should take up much less heat when 
brought into contact with some warmer body than, for 
example, an atom of lead. One might perhaps suppose 
that the difficulty could be explained, or at least 
shelved, by merely ascribing it to a difference in the 
chemical nature of the substances, but this will not do. 

Clerk Maxwell showed, as the result of his calcula- 
tions, that on the ordinary dynamics of Newton all 
atoms should require the same amount of energy to 
increase their temperature by equal amounts. Nor 
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would this conclusion be markedly affected by the 
changes introduced by the theory of relativity. An 
explanation can be given if one is prepared to extend 
the quantum conception. So far it has been concerned 
with the frequency of the rather hypothetical waves of 
radiation. Suppose a similar result holds for the 
frequency of the oscillation of an atom caused by heat. 
Suppose, in other words, that if such an atom is to 
vibrate at all it must vibrate with an energy correspond- 
ing to a quantum of its particular frequency, and that 
if it cannot get this amount it must remain entirely 
quiescent. Now the diamond is very hard and its 
atoms rather light, and both causes make the vibration, 
if it exists, a very rapid one — frequency very large. 
With lead, the reverse. A large frequency means a large 
quantum of energy, and we would at first think that 
this went exactly the wrong way; that the diamond 
with its larger quantum would absorb more heat than 
the lead with its small one. 

To understand why the reverse is the case, we must 
consider how the heat would behave on the old theory. 
When the diamond is put in contact with the body that 
is to warm it, there would naturally be an inflow of 
energy. Energy in the form of motion would be trans- 
ferred from the rapidly moving atoms of the hot body 
to the more slowly moving atoms of the cold diamond. 
When a large group of atoms are left together, and so 
arrive at the same temperature, their energies are not 
indeed all the same; but there should be a certain 
average or most probable energy, and big deviations 
from this energy are very unusual. The distribution of 
energy between the atoms is rather like the distribution 
of wealth in the community. If the average income is, 
say, ^500, there will probably be individuals with 
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incomes of £ 10 , 000 , but they will be rare, and incomes 
of £ 100,000 will be rarer still. Perhaps only one in a 
million will be so fortunate. This is what we may 
regard as the normal distribution. On the old theories 
it is the only one possible, and even on the quantum 
theory it will be approximately true at high tempera- 
tures when much energy is available for distribution. 

But on the quantum view the diamond atoms at a low 
temperature are in the position that unless they are 
millionaires they can have nothing at all, and the chance 
of their being millionaires in a poor community is so 
slight that the average amount they possess is very 
small. One can illustrate the difference between the 
transfer of heat to lead and to diamond by comparing it 
to the selling of Ford cars and Rolls-Royces. The 
amount paid for each Rolls-Royce may be twenty times 
that for a Ford. But if a community is limited to buying 
Rolls-Royces the number of people rich enough to 
acquire one is so small that the total amount paid will 
be less than if they were limited to buying Fords. The 
diamond atoms practise economy, so to speak, by 
refusing to buy anything but the most expensive. One 
can well understand that a consideration of this kind 
becomes more and more important the less the 
average wealth of the community. If one person in 
fifty could afford a Rolls-Royce, there might not be so 
much difference between the total amount that would 
be spent on them and the amount that would be spent 
on the Fords; but if they all became poorer, so that only 
one in ten thousand could afford a Rolls, the takings of 
Rolls-Royce would fall enormously, while there might 
still be enough people left who could afford a cheaper 
car to make the sale of that quite a profitable matter. 
Now the temperature corresponds to the average wealth 



THE ATOM 


84 

in energy of the atoms, and we see why the restriction 
to a large quantum of energy operates more forcibly at 
a low temperature. The experiments show that, in 
fact, the heat capacities of the diamond and other sub- 
stances vary with temperature in just the way that is 
predicted on this view. 



CHAPTER X 


THE STRUCTURE OF THE ATOM (i): 
THE NUCLEUS 

I T has been said earlier that atoms are composed 
of electrons, protons and neutrons, the first two 
in equal proportions, and some reasons have been 
given in support of this view, though little has yet been 
said about the neutrons. The question naturally arises 
as to how much it is possible to discover about the 
arrangement of these constituents inside the atom. 
This is a question which has occupied the keenest 
attention of physicists for the last forty years, and the 
problem is not yet completely solved. There are, in- 
deed, indications that in certain respects the answer 
must for ever remain incomplete ; but whether this be 
so or not, one point at least has been so firmly estab- 
lished that it may be regarded as certain. This is the 
theory, originally due to Rutherford, which regards the 
main mass of the atom as concentrated in a region very 
small compared even with the not very extensive 
dimensions which we have seen reason to assign to the 
atom as a whole. The theory took its origin from a 
series of experiments which at first sight might not 
have been expected to have been of very fundamental 
importance. Among the alpha-ray tracks in a Wilson 
chamber a few are seen with definite sharp bends, 
showing that their path has been deflected by an 
encounter with a molecule of the air. These deflections 
are tolerably rare except quite near the end of the track 
when the particles are going slowly. As a consequence 
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of this effect, if a number of alpha-rays were originally 
all moving in the same direction they would tend to 
spread after they had gone some distance in the air. 
Some would have been scattered to the sides. A 
similar scattering will take place if the rays are sent 
through a thin layer of a solid instead of through the 
gas. Rutherford’s original experiments were made on 
the scattering of alpha-rays by thin gold leaf. A narrow 
beam of the alpha-rays from a radio-active substance 
was selected by allowing it to pass through a small hole 
in a screen. After passing through the hole it struck 
the gold leaf, and the rays that passed through, after 
spreading for a few inches, struck a fluorescent screen 
where their scintillations could be observed. By ex- 
amining different portions of the screen with a micro- 
scope, and counting the number of scintillations per 
second, it was possible to determine the proportion 
of the rays which were deflected through various 
angles. 

The great majority of the rays showed only very 
slight deviations from their original direction, but there 
were a few which showed quite big ones. Some, even, 
were so much deflected that they came out of the gold 
leaf on the same side as they came in. Though these 
big deflections are few in number, they are much the 
most interesting because of the information that they 
give about the inside of the atom. If one regards the 
atom as composed of electrons and protons, it can first 
be shown that these large deflections cannot be caused 
by collisions of the alpha particle with the electrons. 
The reason is that the electrons are not heavy enough. 
A simple illustration will make this clear. Supposing 
one represents the protons and electrons in the atom 
by billiard balls and ping-pong balls respectively, and 
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that one arranges them in some pattern on a billiard 
table. If another billiard ball is shot at them the ping- 
pong balls will hardly deflect its path. Any big deflec- 
tion which it experiences must be due to a collision 
with something at least comparable in mass to itself. 
To give such a large deflection that the alpha-ray comes 
out of the same side of the foil as that at which it 
entered, the alpha-ray must have collided with some- 
thing more massive than itself. Thus there must be 
collections in the atom of more than four protons into 
particles which behave as a unit for collisions with 
alpha-rays. Rutherford tried the supposition that all 
the protons were collected into a single mass which he 
called the Nucleus. For a gold atom such a mass would 
weigh nearly fifty times as much as the alpha-ray and 
behave practically as though rigidly fixed. The scatter- 
ing depends on the nature of the force between the 
alpha-ray and the nucleus. For example, suppose the 
forces were like those between billiard balls, i.e. no 
force until they actually hit and then a very large one 
during the moment of impact. Imagine a series of 
billiard balls shot at a fixed one representing the 
nucleus. They will come off it in all directions depend- 
ing on the angle at which they happen to hit, but some 
directions are more likely than others. For example, 
there will not be very many which are only slightly 
deflected, for this corresponds to a very fine shot, 
which, if the balls are not specially aimed, is unlikely. 
On the other hand, there will be a number with about 
the deflection corresponding to a half-ball shot, for 
this is a probable kind of impact. Now the alpha-rays 
do not show a result of this kind. On the contrary, small 
deflections are the most probable, and the chance of a 
deflection gets less and less the bigger the deflection. 
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Suppose instead that the nucleus and the alpha 
particle behave as positively electrified points, they will 
repel each other according to the inverse square of their 
distance apart. If the alpha-ray were going originally 
straight at the nucleus, it would be brought to rest by 
the repulsion and driven back. In the much more 
likely case in which the alpha-ray is aimed a little to 
one side, it will be deflected by the repulsion. The 
closer it passes the nucleus the greater the force, and 
the greater the deflection. 

It is a not very difficult piece of dynamics to calculate 
the way in which the scattered rays will be distributed 
among the angles. The result agrees excellently with 
the experiment. Further, from the actual number 
scattered the strength of the repulsive force can be 
found. This depends on the product of the charges of 
the nucleus and alpha-ray. That in the alpha-ray is 
known to be two units, so the charge on the nucleus 
can be calculated. The experiments have been made 
for gold, platinum, silver and copper. In all cases the 
charge on the nucleus is equal within the error of 
experiment to the atomic number. 

This most important result gives an immediate ex- 
planation of why the atomic number plays such a 
fundamental part in the classification of the elements. 
In particular it gives a rational explanation of Moseley’s 
discovery that the wave-lengths of the X-rays charac- 
teristic of the elements change in a regular manner 
along the series of increasing atomic number. For as 
the charge on the nucleus increases by a unit at a time 
the strength of the electric action near it will increase 
by regular stages, and if, as there is reason to believe, 
the characteristic X-rays depend upon effects in this 
region, one can understand that their wave-length 
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might be expected to change regularly with increasing 
atomic number. 

When Rutherford first put forward his theory the 
proton and the electron were the only bodies known 
which seemed to have any claim to be regarded as 
ultimate, and on the principle of economy of hypotheses 
it was natural to suppose the nucleus constructed of 
these bodies. This could be done in a general way by 
regarding the negatively charged electrons as a kind of 
cement holding together the positively charged protons, 
which would otherwise separate with great force under 
their mutual repulsion. Thus a nucleus of atomic 
weight A and atomic number Z would consist of A 
protons and A-Z electrons, the net positive charge 
being Z units. A point in favour of this view is that 
radio-active nuclei in fact emit electrons as rays, and 
it is natural to suppose that they existed in the nucleus 
beforehand. But this view gradually encountered 
difficulties. The magnetic properties of nuclei were 
found incompatible with the presence of electrons in 
any ordinary state, and with increasing knowledge of the 
properties of electrons it became increasingly difficult 
to see how they could be accommodated in the cramped 
space of a nucleus. Nevertheless, the theory might well 
have persisted in some slightly modified form but for 
the discovery of the neutron by Sir James Chadwick. 
Put very briefly, Chadwick discovered that certain 
effects which occurred when alpha particles struck some 
of the lighter elements were not due to some sort of in- 
duced gamma radiation, as had been suggested, but to 
a new type of particle ejected by the alpha particles from 
the nuclei of the light element. This is similar to a 
hydrogen atom in mass and in having no net charge, 
but differs from it in its power of passing through 
D 
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considerable thicknesses of solid bodies without devia- 
tion, a power which indicated that the body had the 
dimension of a bare nucleus rather than of an atom. 
In Chapter XV much more will be said about the 
properties of these bodies ; they are mentioned here 
to enable an up-to-date picture of the nucleus to be 
given. The view now is that the nucleus is made up of 
protons and neutrons, that at very small distances there 
is an attraction between protons and neutrons, and that 
this is what holds the nuclei together. The difficulty 
which this raises as to the mechanism of beta-ray 
emission is still a major problem of physics, but the new 
view has many facts in its favour, has steadily gained 
support and is now generally accepted. Accordingly, 
the nucleus of atomic weight A and atomic number Z is 
regarded as composed of Z protons and A-Z neutrons. 
The neutrons only occur in the nucleus. The outer 
parts of an atom contain electrons only. 

Either theory accounts for the existence of isotopes, 
i.e. atoms of different atomic weight but with the same 
atomic number and chemical properties. Both theories 
suppose that all the heavy particles, protons and 
neutrons, are concentrated together in the nucleus. 
Outside is a number of electrons just enough to 
neutralize the positive charge on the nucleus. This is 
also, as we have seen, the atomic number : the number 
of the element in a series which, with a very few excep- 
tions, is that of increasing atomic weight. Now the 
properties of an atom depend mostly on the number of 
its outer electrons, i.e. the charge on the nucleus. The 
number of neutrons makes very little difference except 
when we are interested in the stability of the nucleus as 
in radio-activity, for their principal and almost only 
function is to hold the protons of the nucleus together. 
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Thus if we have two atoms with the same number of 
protons, and hence of electrons, but with different 
numbers of neutrons they will differ only in those 
properties which concern the nucleus. In particular 
their chemical properties will be practically identical, 
since these depend on the number of electrons sur- 
rounding each nucleus. Their masses will, of course, 
be different, and this will cause a slight change in 
physical properties. 

Isotopes of an element, then, are atoms whose 
nucleus has the same net charge, but contains different 
numbers of neutrons. When isotopes were first dis- 
covered it was suggested that each should be spoken 
of as a separate element, but apart from the incon- 
venience of having to speak of elements of indistin- 
guishable properties, the quantity which really matters 
for nearly every purpose is the charge on the nucleus. 
It is much more convenient to treat as the same element 
all atoms which have the same nuclear charge irrespec- 
tive of their weight. Such atoms will have the same 
chemical properties. 

The isotopes of the same element never differ very 
much in weight. It is not obvious why this is so. 
Apparently if the number of protons is fixed, the 
numbers of neutrons which can combine into a stable 
nucleus cannot vary very much. It is for this reason 
that the order of the elements arranged by atomic 
weight is not very different from the order arranged by 
nuclear charge, it being realized, of course, that the 
atomic weight, as measured chemically, is an average 
weight of the various isotopes of which the element is 
composed. 

Apart from its function of forming a centre round 
which the remaining electrons are grouped, and of 
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determining the mass, the nucleus also determines the 
radio-active properties, if any, of the atom. The con- 
nexion between nuclear charge and chemical proper- 
ties is, indeed, well illustrated by the properties of the 
radio-active elements. Since an alpha particle carries a 
double positive charge, the result of an alpha particle 
leaving the nucleus is to decrease the nuclear charge by 
two. There is a change in the chemical properties cor- 
responding to a shift backwards of two places in the 
periodic table. Thus radium itself which chemically 
belongs to the group known as alkaline earths, looses 
an alpha particle and becomes a gas called Radon, 
which is chemically inert. Now throughout the periodic 
table each inert gas is followed in the next place but 
one by an alkaline earth. Corresponding changes in 
chemical properties have been formed to occur in all 
cases of alpha-ray emission. With the beta-rays, on the 
other hand, we are dealing with a single negative 
charge, and the emission of this will increase the net 
charge of the nucleus by a unit. There is a shift of one 
place in the opposite direction, which is also borne out 
by experiment. Now suppose, as sometimes happens, 
that there is an alpha-ray change followed by two suc- 
cessive beta-ray changes, then although the nucleus 
has been steadily loosing matter it will have recovered 
its original charge, and will have become an isotope of 
itself. Such cases have been observed. But though the 
chemical properties of these isotopes are identical, their 
radio-active properties are not, because on this view 
radio-activity is essentially a property of the nucleus, 
and the internal nuclear condition will be quite 
different in the two cases. This, again, is confirmed by 
experiment, and cases are even known where a radio- 
active atom is an isotope of an element which can also 



THE STRUCTURE OF THE ATOM (l) 93 

exist in a non-radio-active form. Thus there are radio- 
active leads chemically inseparable from ordinary lead, 
part of which is itself probably the final inactive pro- 
duct of a series of radio-active transformations. These 
results are very strong evidence for the view that radio- 
activity is a disruption of the atomic nucleus, and that 
the nuclear charge determines the chemical properties. 

Nothing that we have said so far gives any idea as to 
what size can be assigned to the nucleus, but a calcula- 
tion of the paths of the scattered alpha particles shows, 
in the case of gold, that the nucleus continues to act as 
an ideal point charge even when the alpha-ray 
approaches to a distance of of the radius of the 
atom. The repulsion between the large charge (79 
units for the gold nucleus) and the alpha-ray is so great 
that even these vigorous atomic projectiles cannot 
approach much nearer than this. With atoms of the 
lighter elements the repulsive force is less, and the 
alpha particles can, in favourable circumstances, get 
still nearer. Scattering experiments with these light 
elements show that the inverse square law of repulsion 
ceases to be true at a distance somewhat less than the 
above, and the results suggest that the size of the 
nucleus is somewhere about part of the size of 

the atom. 

The process by which such an estimate is arrived at 
is a very much less direct one than that used in the 
measurement of atomic dimension. In the case of 
atoms the size was deduced from experiments on 
crystals. It was found that, in fact, the atoms do pack 
together much as though they were spheres of a definite 
size filling the space of the crystal, and since we know 
the number in a given volume the deduction of the 
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dimensions is a fairly straightforward matter. It is 
true that the values deduced for the same atom from 
different crystals are not always quite the same, and to 
that extent there is a certain vagueness. The deduction 
of nuclear size is far less direct ; there is no question of 
packing the nuclei together in contact. All one can say 
is, that if the interpretation of the experiments is right, 
then there is a change in the nature of the forces when 
the nuclei approach within this distance. 



CHAPTER XI 


THE STRUCTURE OF THE ATOM (2): 
ENERGY LEVELS 

I T has been explained in the last chapter why it is 
believed that all the protons and neutrons in the 
atom are combined to form a very small particle called 
the nucleus. The next three chapters in this book will 
be largely devoted to an attempt to explain what is 
believed to be the condition of the electrons. Since the 
charge on the nucleus is equal to the atomic number 
this must also be the number of the electrons outside 
the nucleus, for the atom as a whole is electrically 
neutral. The task of explaining the arrangement of 
these electrons would have seemed considerably easier 
twenty years ago than it does now. It was then believed 
that these electrons moved in orbits round the nucleus 
in a way closely resembling the motion of the planets 
round the sun. The Solar system seemed to form a 
kind of natural model on a gigantic scale of the interior 
of an atom, the sun representing the nucleus and the 
planets the electrons. In the intervening years, however, 
this view has been shown to be inadequate; and 
although we are now in possession of a theory 
which there is every reason to believe is true, 
it unfortunately does not lend itself nearly so readily 
to a concise and non-mathematical statement as did 
the older one. The invention and development of the 
planetary theory was largely due to the great Danish 
physicist Niels Bohr. Though much of this work has 
had to be modified in the light of more recent know- 
ledge, much remains, including the substance of the 
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rest of this chapter, and even the errors were probably 
a necessary stage which had to be passed. Even if the 
present theory could have been invented without the 
background of the older one, it would probably have 
been rejected as too revolutionary. The older theory 
prepared men’s minds for a still greater break with the 
traditional views, and by emphasizing the impossibility 
of an explanation on these lines made the way easy for 
new ideas. 

In view of these changes of belief it seems highly 
desirable in dealing with this problem to try as far as 
possible to state first what is definitely known from 
direct experiment and to keep to as late a stage as 
possible the introduction of theoretical explanations. 
The first outstanding fact in connexion with these 
extra nuclear electrons is the existence of what are 
called Energy Levels. The idea is that each electron in 
the atom requires an amount of energy to remove it 
completely from the atom which is characteristic of the 
particular atom and the particular electron, though 
more than one electron may be at the same energy level. 
The electrons in the atom may be likened to the water 
in a canal kept by locks at a variety of different levels. 
Between each pair of locks the water is at a definite 
level. Take some great height, say the reservoir from 
which the canal is filled, to correspond to complete 
removal. Then the energy required to lift say a pound 
of water from some level of the canal to the reservoir 
is analogous to the energy required to remove an elec- 
tron from the corresponding ‘energy level’. This idea 
sounds so simple that it is perhaps just worth mention- 
ing that it is definitely contrary to what one would 
expect if the electrons behaved like a swarm of particles 
subject to ordinary mechanical laws. The particles of 
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such a swarm would as a general rule be perpetually 
interchanging energy one with another, and there 
would be no definite amount of energy permanently 
associated with any. Some of the evidence for this 
view comes from experiments which we have already 
described; thus the existence of what we called the 
ionization potential implies that there is one electron at 
least in each atom which can be removed if a certain 
definite amount of energy is supplied to it by collision 
with a rapidly moving free electron. Actually the 
ionization potential found by experiments of this type is 
only one among many. Any electron of the atom can 
be removed by a collision with a free electron of 
sufficient energy, and the ionization potential we have 
so far considered merely represents the energy required 
to remove the particular electron which happens to be 
least firmly held. One might indeed speak of a number 
of ionization potentials corresponding one to each of 
the electrons in the atom. 

Another type of experiment which, although not 
historically the earliest, is perhaps the most convincing, 
is as follows. According to Einstein’s theory of the 
photo-electric effect (see p. 79) a quantum of radiation 
has an energy h times its frequency and can give the 
whole of it to a single electron. In the ordinary photo- 
electric effect the experiments are made with light of 
relatively moderate frequency in or near the visible. 
But suppose instead we use X-rays for which the fre- 
quency is enormously larger, then the energy of the 
quantum will be correspondingly greater, and it will be 
able to cause the emission not merely of the most 
loosely bound electrons but of the others as well. Sup- 
pose, then, that a beam of X-rays of sufficient frequency 
falls on a small piece of an element; it will cause the 
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emission of electrons from all the possible energy 
levels, each quantum giving one electron. Now if the 
X-rays are all of the same frequency their quanta will 
all have the same energy, and each of the emitted elec- 
trons will have this energy, less the energy required to 
remove the electron from the particular energy level in 
which it happened to be. Thus the electrons from any 
large group of atoms, such as is formed by even a small 
portion of a substance, will consist of groups of elec- 
trons of a number of various energies, one group for 
each energy level of the atom. It is possible experi- 
mentally to separate electrons of different energies by 
bending them in the magnetic field, and when this is 
done it is found that they fall as predicted into a 
number of definite groups. From the energy of any one 
group and that of the quantum of the X-rays used, the 
value of the corresponding energy level will be found 
by subtraction. 

Another way in which the energy levels have been 
investigated is as follows. A quantum of radiation can 
only remove an electron if its energy is greater than 
that corresponding to the energy level of the electron. 
Now suppose a beam of X-rays is passing through a 
plate of some material, and that the frequency of the 
X-rays used is in some way gradually increased. When 
the frequency reaches a value such that the quantum 
becomes equal to the energy level of a particular group 
of electrons, these electrons will for the first time be 
liable to be ejected. The ejection of electrons of course 
robs the beam of X-rays of some of its energy, so that 
the absorption of a beam whose frequency is just a 
little greater than the necessary amount will be sud- 
denly more than the absorption of a beam whose 
frequency is just a little less. Experiments show that 
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these discontinuities in absorption, or Absorption 
Edges as they are called, are extremely well marked, 
and the frequencies at which they occur when multi- 
plied by h give the values of the energy levels. 

As might be expected, it is found that the number 
of energy levels increases as the atom gets heavier, but 
the number is always less than the number of free 
electrons for which homes have to be found. Thus 
several electrons must inhabit each level. All atoms 
show some levels at energies of not more than about 20 
volts. The limit at the other end increases with the 
atomic number from a value of the same order to about 
120,000 volts, in the case of uranium. The general 
arrangement is one of groups of a few levels not differ- 
ing much from each other, but separated widely from 
the next group. It is usual to call the levels which 
require much energy to remove their electrons ‘low’ or 
‘deep’, for there is reason to suppose that the electrons 
in them are on the whole closer to the nucleus than 
those in the ‘high levels’, but these terms must not be 
regarded as necessarily implying that the levels are 
entirely a matter of position. 

When an atom has been ionized by the removal of an 
electron from one of the levels it has an excess of 
energy over the normal and it rids itself of this excess 
by radiation. The empty level is filled by an electron 
coming down from one of the higher levels, and the 
difference of energy leaves the atom as a quantum of 
radiation which also obeys Einstein’s law, i.e. its 
frequency is the available energy (in this case the 
difference between the two energy levels) divided by h. 
When the original electron came from one of the lower 
levels, this radiation will generally be in the X-ray 
region of the spectrum. In fact, the X-ray spectra 
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Studied by Moseley are accounted for in this way, 
so that Moseley’s law of the regular change in the 
frequency of the X-rays produced by atoms of 
different atomic number really means a regular change, 
with atomic number, of the energies of the different 
levels. 

Besides the levels we have been considering so far, 
each of which is normally filled by one or more elec- 
trons, there are other potential levels outside the 
normal atom into which an electron may be tempor- 
arily displaced either by the impact of an external free 
electron or by the action of radiation. From these levels 
the electron rapidly returns to its normal position 
emitting a quantum of radiation whose frequency is 
determined by the same rule as before. We have 
already come across an instance of one of these levels 
in the resonance radiation described on p. 73. These 
outer levels only differ by a few volts from the nearest 
normal positions, and consequently the radiation is of 
comparatively small frequency and generally comes in 
the region of the visible spectrum. It is found that this 
view fits in extremely well with the observed frequen- 
cies of spectral lines. These can all be regarded as 
derived from the difference of two energy levels 
divided by h. In this way the apparent complexity of 
spectra is greatly reduced, the spectrum of any one 
element being derived from a comparatively small 
number of energy levels taken in pairs to give their 
differences. 

The first stage in the analysis of the spectrum of an 
element consists in finding suitable energy levels to 
give the observed lines by a process of subtraction. It 
is further found that these energy levels, at least in the 
case of simple spectra, show a curious relation to whole 
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numbers. To explain the nature of this relation we 
must venture on a few simple algebraical expressions. 
The atom of hydrogen as the simplest atom has quite 
naturally the simplest spectrum. It consists of groups 
of lines arranged in a manner which obviously indicates 
a regularity of formation. Three such groups, or series 
as they are called, are well marked. Their frequencies 
are represented by the expressions, 

N(. N(i, -i,), N(J 

where N is a certain number and n is any one of the 
series of whole numbers, running 2, 3, 4, &c., in the 
first case, 3, 4, 5, &c., in the second, and 4, 5, 6, &c., 
in the third. Note first that these formulae fit the rule 
that we have given; the frequency is the difference of 
two quantities. Further, the corresponding energy 
levels (or terms as they are usually called in dealing 
with spectra) are of the form and thus go inversely 
as the squares of a series of integers. This peculiar 
result (and something of the same nature in a slightly 
more complicated form holds for other spectra) sug- 
gests a new kind of atomicity inside the atom itself. 
Not merely is the atom composed of integral numbers 
of primitive constituents, electrons and protons, but 
their grouping, at least for the electrons outside the 
nucleus, is governed by whole numbers. 

The various theories which in the course of years have 
attempted to describe atomic structure have chiefly 
been concerned in finding a plausible explanation for 
this curious rule. In more complicated spectra an im- 
portant extension appears, and a level is characterized 
not by a single whole number but by a group of several 
whole numbers, in the most general case by 4. If for 
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the purpose of making a picture we regard the exist- 
ence of an electron in a particular energy level as 
denoting its position in a certain place, this rule means 
that 4 quantities are required to determine the place. 
Imagine a city drawn upon the American plan with 
all the streets numbered and each street containing a 
number of blocks of flats, then one might think of one 
number as determining the street, a second number the 
house in the street, a third number the flat in the house, 
and a fourth number indicating the particular room in 
the flat which the electron is inhabiting. It will readily 
be seen that electrons with any of these numbers in 
common will be likely to have certain peculiarities in 
common. Thus one set may all be ground-floor apart- 
ments, another set all in one street and so on. These 
numbers which give, so to speak, the address of the 
electron, or rather of the level, are called quantum 
numbers, though wt have yet to explain how the quan- 
tum comes into the matter. It will be*^^remembered that 
the number of levels inside the atorini is less than the 
number of electrons. It appears that this is partly 
accidental. If the atoms are placed near a powerful 
magnet, some of the levels which before were equiva- 
lent become different, as shown by a splitting up of the 
spectral lines. It seems almbst qetjtain that the number 
of positions when fully distinguished by their quantum 
numbers is just equal to the number of electrons ; but 
some of these positions, at least under normal circum- 
stances, are equivalent as regards energy. Thus each 
electron has a definite address, and only one electron is 
allowed in a room at a time. This principle holds both 
for the levels that are normally occupied and for those 
in which the electron can only stay temporarily. Over- 
crowding is thus forbidden by law in our imaginary 
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atomic city — a principle known as the Pauli Exclusion 
Principle. A further peculiarity is that one of the four 
quantum numbers is hardly a number at all, for it is 
limited to only two possibilities, as though each flat 
had only two rooms and these were related together 
something after the fashion of a right- and left-hand 
glove. It is, however, more convenient to distinguish 
them by assigning to one the number and to the 
other — The reason for this choice is that it allows 
of a simplification of the rules by which the energies 
are related to the quantum numbers. 



CHAPTER XII 


THE WAVE THEORY OF MATTER 

U NTIL twenty years ago the quantum numbers 
spoken of in the last chapter were regarded as 
determined by the shapes and sizes of certain orbits in 
which the electrons were supposed to move like planets 
round the sun. In spite of many remarkable successes, 
especially in the explanation of spectra, this theory 
gradually became untenable, and has been replaced by 
a theory which, though starting from a totally different 
standpoint, yet manages to repeat the success of the 
older theory in the explanation of spectra and is free 
from the outstanding objections. The theory owes its 
origin to Prince Louis de Broglie, and has been largely 
developed by Schrodinger and others. In the present 
chapter we will give some account of the theory, which 
is of an extremely fundamental and comprehensive 
nature, and leave for a later chapter its application to 
atomic structure. 

There had been a tendency for some time to believe 
that the solution of the photo-electric paradox (see 
p. 8o) would be found in some combination of the 
ideas of waves and particles by which the particle could 
carry the energy, and the wave in some way determine 
the motion of the particle. Einstein’s law is readily ex- 
plained if the energy in radiation is in fact collected into 
individual particles travelling with the velocity of light, 
and each having an amount of energy h times the 
frequency. There is nothing unreasonable in suppos- 
ing that such a particle could deliver its whole energy to 
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an electron of a body through which it was passing, and 
this is all we need. In a beam of light the energy of each 
particle will be determined by the wave-length, since 
this is inversely proportional to the frequency, while 
the number of particles in the beam would depend on 
its intensity. Thus the speed with which the electrons 
are ejected would be independent of the intensity of 
the beam, if we exclude the extremely unlikely possi- 
bility of one electron being hit simultaneously by two 
particles. 

So far this is purely a corpuscular theory and as such 
open to the objections which led to the abandonment 
of the old corpuscular theory at the beginning of the 
nineteenth century. These facts were DiflFraction, the 
process by which light bends slightly into shadows, and 
Interference, in which the addition of two beams of 
light produces blackness in certain places, compen- 
sated by increased brilliance in others. If, however, 
we abandon the idea that the particles naturally go in 
straight lines, and consider their motion as determined 
by a system of accompanying waves, it is possible to 
devise a scheme by which the particles would appear in 
great number where the waves were strong and would 
be few where the waves were weak. If number of 
particles determines intensity, this would give a distri- 
bution of light and darkness identical with that obtained 
if light itself is regarded as waves. Such a theory is 
remarkably like the theory devised by Newton as a 
modification of his original corpuscular (i.e. particle) 
theory of light, when it became necessary to account 
for the effects of interference, some of the most striking 
of which were discovered by himself. It is a very 
remarkable episode in the history of science that this 
theory discarded in the early nineteenth century as 
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unnecessarily cumbrous should have reappeared as a 
consequence of discoveries, such as the photo-electric 
effect, which were undreamt of at the time when it was 
first invented. Such vitality is a remarkable tribute to 
Newton’s amazing physical insight. 

De Broglie’s achievement is to give firm and logical 
foundation to this theory by showing it as part of a 
still more fundamental general principle. According to 
the theory of relativity, the laws of nature must be of 
such a kind that they are the same for all observers, no 
one observer being privileged above the others. Now 
the law we have used so far connecting energy and 
frequency is not by itself of this character, but it 
becomes so if we associate with it another law giving 
a connexion between momentum and the wave-length 
of a certain wave. By momentum is meant the quantity 
which on the Newtonian mechanics is the product of 
mass and velocity. The new relation comes to assert- 
ing that any particle is associated with a wave whose 
length is the quotient of h by the momentum, or in 
symbols, — . 

Further, in the case where this wave-length is small 
the path of the particle is identical with the rays associ- 
ated with the wave. It has long been known that the 
idea of a ray of light travelling in a straight line is only 
an approximation to the way in which waves are propa- 
gated, very nearly true in practice because in fact the 
wave-length of light is very small. Newton’s first law 
of motion asserts that a particle in the absence of force 
will move at constant speed in a straight line. On the 
new view this is merely an approximation to a more 
exact law, bearing the same relation to it that the propa- 
gation of light rays in straight lines bears to the more 
exact laws which govern their slight bending. We have. 
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in fact, turned the flank of the difficulty of the appar- 
ently peculiar behaviour of the light quanta by saying 
that it is really the natural behaviour to be expected 
from any sort of particle. But such a method of evasion 
obviously leads to the difficulty that it must explain 
why in fact other particles appear, at least, to move as 
Newton said they did. As far as the behaviour of bodies 
of ordinary size, and still more of large bodies like the 
planets, is concerned, the difficulty is met by the very 
small value we have had to assign to the quantity h. 
The wave-length, in fact, is so small that the approxi- 
mation of replacing waves by rays is for all practical 
purposes a perfect one. But for the smallest particles 
this is no longer the case, for an electron of energy 
corresponding to volts (about the amount of energy 
possessed by the electrons near the filament of a 
valve) the wave-length is 10 ^ or one ten-millionth of a 
centimetre, which though small is about 5 times the 
size of an atom. For cathode-rays of energy 15,000 
volts, the wave-length is about one-hundredth of this, 
or about that of a hard X-ray. Now it will be remem- 
bered that the wave-lengths of X-rays were measured 
by using crystals to scatter them, the regular arrange- 
ment of the atoms in the crystal showing itself in the 
formation of relatively intense scattered beams in 
certain specially favoured directions. A similar process 
should be possible with the electron waves. Such ex- 
periments have in fact been made by Davisson and 
Germer in the United States and by the author and 
others in this country. 

In the author’s experiments cathode-rays are trans- 
mitted through a thin film of metal. An ordinary metal 
is a collection of crystals of microscopic size held 
together by a non-crystalline cement. Each little 
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crystal should have its own preferred directions in 
which the waves would tend to go. The effect on 
X-rays of passing through such a mass of tiny crystals 
has been thoroughly investigated, and has indeed 
found practical applications in metallurgy. If a narrow 
beam of X-rays passes through a metal and then is 
received on a photographic plate at right angles to the 
beam, the pattern formed is one of concentric circles 
having their centre where the rays would strike the plate 
in the absence of the metal. The sizes of the circles 
can be calculated from the wave-length of the X-rays 
and the structure of the crystal. When electrons are 
used instead of X-rays a difficulty arises from their very 
slight penetrating power. Instead of using a piece of 
metal of ordinary size, it is necessary to use extremely 
thin films less than a millionth of an inch in thickness. 
Such films are highly transparent. They offer no 
more obstruction to the light than a piece of slightly 
tinted glass ; if held close to the eye one can see through 
them the individual bricks of a building across the road. 
When films like these are used and the electrons 
received on the photographic plate arranged in the 
same way as for the X-rays, patterns are formed which 
are exactly similar in character to those formed by the 
X-rays in the same metal. But as the wave-length of 
the electrons is less, the whole pattern is rather smaller 
than for X-rays. 

Complete agreement has been established with de 
Broglie’s theory. The relative sizes of the rings are 
just what is to be expected from the known crystal 
structure of the metals. The variation in the size of the 
rings with the speed of the electrons is that predicted 
by de Broglie’s formulae for the wave-length, and the 
actual size of the rings is correct to a high order of 
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accuracy. It seems certain that the electrons are 
associated with waves in the manner depicted by 
de Broglie. The theory has also been confirmed for 
helium atoms and perhaps also for one or two other 
kinds of particles, and it seems highly probable that 
the theory is right in regarding the relation between 
waves and the motion of a particle as perfectly general. 

But this theory raises many difficult problems. The 
results of the experiments make it necessary to suppose 
that the waves extend over a considerable region. The 
region indeed must obviously cover a considerable 
number of atoms, otherwise the effect of the regular 
spacing on which the whole thing depends could not 
come into play. But if one regards the waves as in any 
sense forming part of the electron, this means that an 
electron is larger than an atom, and how then is it 
possible for many electrons to form part of a single 
atom? It seems as though the whole conception of size 
as applied to an electron is a mistaken one. In the 
ordinary way one considers the space occupied by a 
body as the region within which it exerts a considerable 
force on anything trying to intrude. For an ordinary 
hard solid this boundary is a remarkably definite one 
and measurable with great accuracy, but even here 
there must theoretically be a slight vagueness as a force 
repelling an exploring body can hardly come into being 
with complete suddenness at a mathematical point. 
We saw in the case of atoms that probably an appre- 
ciable degree of vagueness must be allowed in their 
sizes, though in this case the size is sufficiently definite 
to be given a rough measure. It would seem as though 
for an electron the size was nothing but the region in 
which it exerted force, that this region has no very 
definite boundaries and may be larger or smaller 
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according to circumstances. Since an electron can 
transfer its whole energy by collision the energy must 
be highly concentrated, but it does not seem possible, at 
any rate at present, to assign to it any definite dimen- 
sions, and we can best regard it provisionally as a 
mathematical point. This gives us a picture of the 
electron somewhat resembling the tiny gossamer 
spiders which drift through the air, each at the centre 
of a number of diverging filaments. The wind catches 
the filaments and the spider is carried where the 
filaments take it. In much the same way the point 
which represents the energy of the electron is guided by 
the waves which surround it, and extend possibly to an 
indefinite distance in all directions. If the waves pass 
over an obstacle like an atom, their direction is modi- 
fied and the modification is transmitted back to the 
electron and affects its path. Thus the waves act as a 
kind of intelligence system to the electron and enable 
it to guide its path in accordance with the distribution 
of matter which it finds around it. Thus the electron 
may be influenced by atoms though it may never pass 
very near them, and the effect of a widespread regular 
structure is explained. 

The question of the physical nature of these waves is 
a very difficult one. Ordinary material waves such as 
water waves, or the air waves which form sound, cer- 
tainly require a medium to carry them, and in the case 
of light waves where there is no material medium in the 
ordinary sense of the word, the physicists of the past 
have found it necessary to invent a quasi material sub- 
stance or Ether to which is entrusted the duty of carry- 
ing the waves. The modern tendency accentuated by 
the theory of relativity has been to make the ether less 
and less material, and to regard it as hardly more than 
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another name for space. But even if a material ether is 
accepted it cannot without modification account also 
for the electron waves. All forms of light, whatever 
their wave-length, travel in a vacuum with the same 
speed. This speed is thus a constant of nature, and the 
development of relativity has emphasized still more 
strongly than before its constancy and fundamental 
character. Now the waves that accompany an electron 
definitely do not travel with the speed of light. Accord- 
ing to de Broglie’s theory they travel much faster and 
the slower the electron the faster the waves. This 
theoretical result seems at first in contradiction to rela- 
tivity, one of the fundamental ideas of which is that no 
signal can travel faster than light. But it is just here 
that the explanation comes. The electron waves as such 
cannot transmit a signal, for they do not carry energy. 
This is all associated with the electron, and observable 
effects can only be produced by the presence of the 
electron, and thus can only travel with its speed, which 
is of course always less than that of light. The waves, 
in fact, must be regarded as perpetually running 
through the electron from behind so that the electron 
is always receiving a fresh supply. 

But there is a kind of peculiarity in the waves which 
is associated with the electron and moves with it. This 
peculiarity is called the ‘group’. The condition can be 
paralleled to some extent in water waves: thus, the bow 
waves of a ship are a disturbance of unchanging shape. 
If any such wave were formed in the open sea and left 
to itself it would break up into a long train of waves, 
much as the splash of a stone in a pond starts as an 
irregular disturbance and reaches a distant shore as a 
regular series of waves. The velocity with which a dis- 
turbance like a bow wave spreads away from the ship 
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is quite different from that of the simple wave which 
most nearly resembles it. Another instance is given by 
a rough sea. This hardly ever shows a regular train of 
waves like the conventional picture. Generally there 
are regions of intense disturbance alternating with 
patches of comparative calm. But the speed with which 
a region of disturbance moves forward is quite different 
from the speed of any of the individual waves which 
have gone to form it. The velocity of the disturbance 
is the ‘group' velocity as opposed to the velocity of the 
individual waves. In water waves, as in electron waves, 
the group velocity is the speed at which energy travels. 
For the electron waves the group velocity is equal to 
that of the electron, which thus moves with a constant 
group, though the waves of which the group is com- 
posed are perpetually moving through it. For most 
purposes the group velocity is what matters ; indeed, the 
wave velocity seems of the nature of a mathematical 
abstraction in that it is probably impossible to measure 
it directly. 

It is possible to construct a theory which accounts for 
most of the facts on the view that the presence of the 
electron modifies the ether, and so modifies the speed 
of waves through it. But it seems more likely that 
one should take a less materia] view of the nature of the 
waves. Fundamentally a wave is some effect which is 
propagated according to certain definite laws; and 
though this effect is generally the motion of something, 
there seems no logical necessity that it should be. 
When one speaks of a wave of emotion sweeping over a 
country, this is not only a metaphorical use of the 
term. The state of emotion might indeed be propagated 
according to laws similar to those of a wave, and in such 
a case one would be as much entitled to speak of it as a 
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wave as one would if it represented actual motion. All 
the effects so far observed have been equally well 
accounted for by regarding the electron waves as the 
propagation of a state in the space through which they 
pass, the state being that of ability to direct an electron 
in a certain direction. This view is extraordinarily close 
to the view taken by Newton of the propagation of light 
which may be illustrated in the following quotation : 

Those that are averse from assenting to any new dis- 
coveries but such as they can explain by an hypothesis, 
may for the present suppose, that as stones by falling 
upon water put the water into an undulatory motion, 
and all bodies by percussion excite vibrations in the Air ; 
so the Rays of Light excite vibrations in the refracting 
Medium or Substance . . . that the vibrations thus 
excited are propagated in the refracting or reflecting 
Medium or Substance, much after the manner that 
vibrations are propagated in the Air for causing Sound, 
and move faster than the Rays so as to overtake them . . . 
and that every Ray is successively disposed to be easily 
reflected or easily transmitted by every vibration which 
overtakes it. But whether this Hypothesis be true or false 
I do not here consider. 

An alternative view, which is probably at bottom 
very nearly the same although superficially different, 
regards the wave as a ‘wave of probability', places 
where the wave is intense being places where the elec- 
tron is likely to appear. This view is perhaps best 
understood by considering the case of a beam of elec- 
trons containing a large number moving under nearly 
similar conditions. If the waves of the separate elec- 
trons are combined into a single wave representing the 
whole beam, then the results of the experiments are ex- 
pressed by saying that the electrons are numerous and 
densely packed where the wave is intense, and sparsely 
distributed where it is weak. Thus considering any one 



electron the chance of its appearing in a particular place 
would be proportional to the intensity of the wave 
there. If it were possible to work with a single electron 
instead of a beam, it is reasonable to suppose that the 
same rule might hold, that there would be a certain 
chance of the electron appearing at any place to which 
its waves penetrated, and that the chance of its being 
there was proportional to the intensity at the point. 
This introduction of probability as a factor in the ex- 
pression of a fundamental law is very characteristic of 
the recent trend of physics, which is moving away from 
the rigid determinism of the older materialism into 
something vaguely approaching a conception of free 
will. It may be objected that an electron coming from 
a definite place and acted on by quite definite external 
forces must of necessity arrive at some definite point. 
The reply can be made that it is impossible to tie an 
electron down exactly to a definite starting-point; all 
you can do is to say that it must have been somewhere 
within a small region at a definite time. This is really 
equivalent to limiting fairly strictly the region in which 
the waves associated with the electron were originally 
present. Now imagine the electron as taking part in 
some experiment, for example, going through a thin 
film of metal ; the waves associated with it may spread, 
and on the earlier view may carry the electron with 
them to any part of the region which they reach. It is 
possible to take the point of view that the particular 
direction in which the electron happens to be scattered 
is, in fact, completely determined by the exact value of 
the original position and velocity of the electron; but 
since these exact values can never be known, all that 
we can really predict as to the result of our experiment 
is a matter of probability. It is perhaps more modest 
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not to postulate a theoretical knowledge which can 
never really be available, and to allow the essential un- 
certainty of the experiment to be indicated in the 
fundamental laws by stating these in a probability form. 
Which view is preferred is probably mostly a question 
of individual psychology. To those brought up in the 
older school of physics the idea of a determinate 
motion, even though one can never know all the deter- 
mining factors, will usually be the most agreeable. But 
it may be questioned whether this will continue to be 
true if atomic physics ever becomes part of the general 
group of ideas familiar to all educated people, and 
succeeding generations are brought up to regard as 
established and natural the ideas which they involve. 

In the case of the free electron at least, it is definitely 
possible to construct a scheme according to which its 
movement is fully determinate, though in certain cases 
this involves a break with some of the cherished prin- 
ciples of the older physics such as the conservation of 
energy. The trouble seems to be that we have reached 
a scale of minuteness where the available tools are too 
coarse for the work of investigation. It is like a blind 
man trying to investigate the working of a watch by 
poking his finger into it. In the act of discovering the 
position of the parts he upsets their movements. In 
ordinary physics we can use relatively delicate means of 
investigation. Rays of light are of course the com- 
monest, but light as we have seen acts by the impact 
of its quanta, and from the point of view of the electron 
these quanta are violent projectiles. If we try to make 
them less violent by choosing rays with a smaller 
quanta, we find that we have chosen those of long wave- 
length, since wave-length and quantum energy vary 
inversely. But a large wave is obviously not well suited 
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as a device for the accurate location of a small object, 
and so by gaining in gentleness we sacrifice precision. 
The same difficulty arises in a more direct form if we 
use other electrons as our exploring fingers. Obviously 
they will cause about as big a disturbance as they them- 
selves undergo, and it is impossible to locate the posi- 
tion of an electron without so disturbing it that its sub- 
sequent velocity is quite uncertain. A similar result 
applies if we try to determine the velocity of the elec- 
tron. To get this exactly we must allow it considerable 
space over which to range, and its position becomes 
correspondingly uncertain. There is, in fact, an exact 
reciprocity between the exactness with which position 
and velocity (or more precisely momentum) can be 
determined. In proportion as the one becomes more 
exact so the other becomes more uncertain. This rela- 
tionship has played an important part in theoretical 
physics in the last twenty years and seems likely to be 
increasingly important. It is known from its disoverer 
as the Heisenberg Uncertainty Relation. It represents 
perhaps a limit that we are reaching — the limit of 
attainable knowledge on the side of the very minute. 
But of course if anybody were to discover any probe 
more delicate than an electron, the argument would 
break down. 



CHAPTER XIII 


THE STRUCTURE OF THE ATOM (3): 
THE WAVE THEORY 

T he application of the wave theory to the energy 
levels of an atom was part of de Broglie’s original 
statement, and has since been modified and amplified 
by the work of Schrodinger. In view of the funda- 
mental character of the energy levels in explaining 
atomic properties, the first test of any proposed 
atomic theory must be its ability to give a reasonable 
explanation of their existence. In the case of the 
hydrogen atom the wave theory successfully passes this 
test. This atom composed of one electron and one 
proton is, of course, the simplest of all. The result of a 
somewhat elaborate mathematical calculation is that 
only certain values of the energy of the atom can lead 
to a permanent distribution of waves. The general way 
in which this comes about can best be seen by regard- 
ing the waves as travelling round the orbit. If the 
orbit is of such a length as to include a whole number 
of wave-lengths, then the disturbance returns in phase 
with itself and a steady state is possible. But this clearly 
puts a limitation on the possible sizes of orbits. To 
take a humble parallel it is like papering a room with a 
patterned wall-paper. In general, when the paper has 
gone round the room back to its starting-point the 
pattern will not exactly fit, but there are certain sizes of 
room for which it will. These correspond to the pos- 
sible states of the atom. Further, it can be shown that 
those orbits are just those predicted on the older Bohr 
Theory. In actual fact the waves spread away from the 
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orbits, and the explanation we have given must be 
regarded only as a general indication of what is hap- 
pening. The full mathematical investigation leads, 
however, to the same conclusion — namely that only 
certain values of the energy permit the atom to exist in 
a steady state. It is found, in fact, that corresponding 
to any steady state there are three whole numbers which 
determine the nature of the wave system. In hydrogen 
the distribution of the waves is such that there are 
certain surfaces permanently at rest called Nodal 
Surfaces. These may be spheres with the nucleus as 
centre, cones with the nucleus as apex, or planes 
through the nucleus. The three numbers determine 
the number of nodal surfaces of each of the three kinds, 
and when they are known the form of the wave system 
is known also. These numbers are the numbers intro- 
duced into the last chapter as quantum numbers, but 
with the exception that there are only three. The 
fourth appears in a different way which we shall speak 
of later. The name ‘quantum number’, which is a 
heritage of the orbit theory, is justified to this extent, 
that the nodal surfaces to which they refer are deter- 
mined by waves whose length is proportional to h, the 
fundamental constant of the quantum. 

Not only does the calculation give the right values 
for the energy of the steady states of hydrogen under 
normal conditions, but the calculation can also be 
extended to the case in which the atom is under the 
action of electric or magnetic forces. In these cases 
levels corresponding to different quantum numbers 
which previously had the same energy, become dis- 
tinct. Unfortunately for most of the other atoms the 
mathematical difficulties are too great to permit of a 
complete solution. But from the general nature of the 
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calculations it becomes clear that the results will be of 
a similar nature, namely that there will be definite 
energy levels determined by integral quantum numbers. 
These investigations show that the waves even in a 
steady state are not confined to linear orbits. They 
spread through the whole region of the atom, and 
indeed stretch out into space without any very definite 
boundary, though their intensity is small at distances 
from the nucleus greater than what is usually taken as 
the radius of the atom. There is, however, a certain 
tendency for the intensity of the waves to be greatest 
in the neighbourhood of the old orbits. 

Schrodinger was able to reach these results without 
having to consider what physical significance was to be 
assigned to the intensity of the wave. All he had to 
postulate was that the mathematical quantity T (psi) 
which represents the wave was something which had 
only one value at any one place. We have seen, how- 
ever, that one way of looking at the waves for the free 
electron is to regard their intensity as measuring the 
probability of the presence of an electron, or if many 
electrons are present the closeness or density with 
which they are grouped. This interpretation actually 
had its origin in Schrodinger’s atomic theory. It came 
from an attempt to calculate the behaviour of an atom 
when acted upon by a wave of light. What actually 
happens is that the atom scatters some of the light with 
an intensity depending on the relation between the 
frequency of the light, and that of the spectral lines 
characteristic of the atom. If the frequencies are nearly 
the same, an abnormally large proportion of light is 
scattered. It had been one of the great difficulties of 
the orbit theory that it did not, in fact, give this relation 
correctly. Schrodinger showed that it followed at once 
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from his theory, if the electrons were treated as a con- 
tinuous distribution of electric charge with density 
proportional to the intensity of the waves, i.e. to 
Such a view is a startling reversal of ideas, for up till 
now the whole argument has tended to regard the 
electron as essentially an individual discontinuous 
charge. Perhaps the difficulty is more real than 
apparent. If we average over a sufficiently long time, 
it will not make much difference for many purposes 
whether we are dealing with a continuous distribution 
of charge of varying density permanently fixed, or a 
number of discontinuous charges which are wandering 
about in such a way that the probability of one being 
in any place is proportional to the density on the other 
assumption. Both views will make the average amount 
of electricity in any small region the same in the long 
run. 

Schrodinger’s atom also supplies at least a hint of 
explanation of the law of frequency of emitted radia- 
tion ; namely, that the frequency is the difference in the 
energy levels divided by h. In a stationary state the 
wave reduces to a simultaneous vibration of all parts of 
the atom which thus resembles a vibrating system such 
as a violin string. The fundamental law of the wave 
mechanics shows that the frequency must be the 
energy divided by h. The same is true for the atom in 
another steady state. Now suppose a wave to exist 
corresponding to the superposition of two steady 
states. The result will not be a steady state. It 
will be a vibration whose amplitude rises and falls 
with a frequency which is the difference of the 
frequencies of the steady states. This phenomenon is 
analogous to ‘beats’ in sound. These occur when two 
notes of nearly but not quite the same frequency are 
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sounded simultaneously, and are caused by the rhyth- 
mical rise and fall in the intensity of vibration of the 
air caused by the superposition of the two trains of 
sound waves which sometimes cancel and sometimes 
reinforce each other. Thus the result of superposing 
the two trains of waves A and B of slightly different 
wave-length is to give the complex wave C which can 




be regarded as a wave whose amplitude slowly changes. 
The steady states being permanent do not radiate 
energy, but one may suppose that radiation occurs 
when these beats are formed, and if the frequency of 
radiation is the frequency of the beats it will be given 
by the difference of the energies divided by h, as we 
have seen the experiments to indicate. This part of the 
theory is still rather tentative and there are several 
points not fully explained, but it is the only attempt 
that has yet met with any success as an explanation of 
the law of radiation and so deserves mention. How 
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such a wave acquires its quantum particle one cannot 
say. Perhaps the mere existence of a wave necessarily 
implies a particle of suitable energy, just as a particle 
apparently implies a wave. 

For complex atoms the waves are determined by a 
mathematical process which can only be interpreted 
geometrically in terms of space of many dimensions. 
This means that the waves have no physical meaning, 
and is perhaps the strongest argument in favour of 
the view which regards them as waves of condition or 
of probability rather than as waves of motion. But 
though the waves themselves fade into multi-dimen- 
sional ghosts, the probability which can be deduced 
from them mathematically remains a sober reality in 
three dimensions. If we regard the different possible 
stationary states of a hydrogen atom as different modes 
of vibration, like the fundamental and harmonics of a 
violin string, then in a complex atom we may imagine 
a number of these modes of vibration superposed one 
for each electron. There will be some mutual modifica- 
tion, which is an expression in the new mechanics of 
what would before have been described as the forces 
between the electrons. More important still it is 
assumed that Pauli’s principle holds, so that no two 
electrons can have the same quantum numbers. But 
the quantum numbers on the wave theory are integers 
which determine the type of vibration, analogous to 
the order of the harmonic in the musical analogy, so 
that Pauli’s principle means that no two electrons can 
have the same type of vibration. The application of this 
principle brings us to a curious point. The complete 
determination of a type of vibration involves only three 
whole numbers, but in considering spectra four were 
required. The same difficulty arose with the orbit 
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theory. Here also three numbers specify the orbit. 
This caused considerable difficulty in the later develop- 
ments of the orbit theory ; it was surmounted by sup- 
posing that the electron was more complicated than a 
point charge and that it had a spin. The spin of a 
charged body gives it magnetic properties, so the new 
hypothesis regarded the electron as simultaneously a 
unit electric charge and a unit magnet. Now the fourth 
quantum number is found to have only two possible 
values, and so the facts could be accounted for by sup- 
posing that the electron’s axis of spin was always at 
right angles to its orbit, but that the direction of spin 
could be with or against the direction of motion in the 
orbit. There is nothing on the wave theory that obvi- 
ously corresponds to this, and the necessary extension 
has only been made as the result of highly abstract 
mathematics which are totally unsuited for verbal ex- 
planation. Dirac and Darwin have been among the 
leading workers on this point, but the theory still has 
serious difficulties. A new theory is seldom established 
at first in its simplest form, and we may hope that in 
time it will be found possible to express it in a simpler 
form. For our purposes we may ignore the added com- 
plication, except for the important fact that two 
electrons can be allowed for each type of vibration 
instead of one. 

The remaining three quantum numbers which deter- 
mine the type of vibration, or of orbit on the older 
view, are not equivalent. One, called the principal 
quantum number and generally denoted by w, is the 
most important. Thus in a hydrogen atom free from 
external disturbing influences, it alone determines the 
energy. The second quantum number denoted by I is 
governed by the rule that it is any integer less than w, 
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a zero value being allowed. Thus if n is 3, / may be o, 
I, or 2. The electrons distinguished by a particular 
pair of values n and /, e.g. 3 and 2, are distinguished 
among themselves by the value of the third number 
generally denoted by w,. The rule here is that W; is a 
number positive, negative, or zero, not greater than 1 . 
Thus for 1=2 the possible values of are - 2, 
— I, o, I, 2. A simple calculation shows that the 
total number of possible groupings of these subsidiary 
numbers is v?. Thus for n = 3 they are shown as 
follows : 

1=0 I 2 

TBj = o — I, o, I — 2, — I, o, I, 2 

Here the total number of entries in the last line is 9 
and as n = 3 the rule is verified. To allow for spin the 
possible number is doubled and we get a total of 18 
electrons whose principal quantum number is 3. 

When a number of electrons have to arrange them- 
selves round a nucleus to form an atom the general rule 
is that they try to occupy first those states for which the. 
principal quantum number is small; thus in helium, 
which has only two electrons, they take up the two 
possible states corresponding to a principle number i. 
The next 8 atoms in the series with numbers of elec- 
trons ranging from 3 to 10 fill up the 8 possible states 
corresponding to a principal quantum number of 2. 
Now it is found that the formation of a complete group 
corresponding to the exhaustion of the possibilities 
inherent in a principal quantum number results in a 
peculiarly stable arrangement. Thus both the 2nd 
element helium and the loth neon are inert gases which 
show no chemical affinity and are difficult to ionize by 
removing an electron. A similar result occurs in many 
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cases when the possibilities of one of the values of the 
2nd quantum number are exhausted. Thus in the 
atoms succeeding neon when the additional electrons 
are being built into the group characterized by n = 3 a 
state of great stability is reached when the possible 
states associated with I = o and i have been exhausted. 
The table shows that this involves four possibilities, 
and hence allowing for spins, 8 electrons. Thus the 
atom with 8 electrons more than neon is also an inert 
gas, namely argon. After this an exception occurs, for 
the next electron to be added takes up a state with prin- 
cipal quantum number 4, although the group with n = 3 
and 1=2 has not been filled. It is not yet possible to give 
an exact theoretical reason for this, although considera- 
tions are known which make it seem not unreasonable. 
Similar complexities occur at further stages in the 
table of elements. 

We are thus led to the following view of the structure 
of the more complicated atoms. As we go along the 
series beginning with hydrogen the charge on the 
'nucleus increases by i unit for each successive element 
'reached. Each successive element has thus an addi- 
itional electron to dispose of, and it does so as a rule by 
|'_gradually filling up the possibilities first of having a 
^principal quantum number i, then 2, and so on. As an 
exception at certain stages, instead of filling the last 
sub-group corresponding to the largest value of / for 
the principal quantum number which it is using, it 
jumps to the earlier sub-groups of the next largest value 
of n. When this happens the numbers which have not 
been used have to be filled in at a later stage, i.e. among 
elements of larger atomic number. This scheme, which 
was first proposed by Bohr on the basis of the older 
orbit theory, is remarkably successful in explaining the 
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chemical and spectroscopic peculiarities of the various 
elements and is the physical basis underlying the 
periodic table discussed in Chapter III. 

The peculiarity of the wave view as contrasted with 
that of orbits is that the waves exist throughout the 
whole of a region roughly co-extensive with the size of 
the atom as determined by its packing in crystals, and 
are not, as on the older view, confined to definite paths. 
Since the waves of the different electrons, in so far as 
they can be distinguished, are overlapping, one might 
suppose that the electrons had lost their identity and 
merged into a general diffuse mass. But this view is 
probably wrong, for the very equations which lead to 
this apparent spread include terms which are only 
intelligible as representing forces between individual 
point charges. What is perhaps even more important, 
the exclusion principle on which the whole scheme is 
based is in its very essence a statement of the stubborn 
individuality of electrons and of the impossibility of 
merging them together. 

One curious feature of the whole scheme (and this 
applies equally to orbit and wave theories) comes out 
in considering the transitions between stationary states. 
If, for example, an electron is removed from the inside 
of an atom, the atom is left in a condition of excess 
energy. On the orbit view another electron will come 
in to take its place from one of the outer layers, and the 
excess energy is radiated in a quantum giving one of 
the characteristic X-ray lines which Moseley studied. 
On the wave theory some rearrangement of the vibra- 
tions takes place resulting in an equivalent effect. Now 
in general there are many ways in which this can 
happen, for there will generally be electrons of many 
different energy levels which can take the place of the 
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one removed. The question arises, what determines 
the change that actually occurs in a particular atom 
and hence the particular frequency which that atom 
chooses to emit? Any actual experiment involves using 
a large number of atoms simultaneously, and then it is 
found that the different possible spectra lines are 
emitted with different strengths. It is conceivable 
that each separate atom emits all the lines with varying 
intensities, but such a view seems very hard, if not 
impossible, to reconcile with the unitary nature of the 
quanta of energy in the different sorts of radiation. If, 
for example, one line is two-thirds as strong as another, 
is it to be allowed to emit two-thirds of a quantum? 
Personally the author feels that it is more in agreement 
with the general conception of atomicity, whose striking 
triumphs we have followed in these pages, to suppose 
that any one atom in such a case emits only the one 
quantum. If one is asked what determines which 
frequency the atom chooses, one can only plead com- 
plete ignorance, or what is practically equivalent, say 
that it is a matter of probability. There is a tendency to 
believe that such ignorance may represent a permanent 
limitation of knowledge. But these theories are still 
comparatively recent and it seems rash to assert dog- 
matically that it will be for ever impossible to devise 
an experiment which would enable one to predict 
which of several possibilities an atom would choose. 
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ELECTRONS IN CHEMISTRY 

I T was early seen that the electron theory of the 
atom affords a means of giving at least a qualitative 
explanation of the main facts of chemistry. The general 
idea which has been developed by a series of writers is 
that certain atoms can readily lose electrons, while 
others are eager to gain them. If atoms of these 
different kinds are brought together, a transfer of 
electrons may be expected to occur. As a consequence 
some of the atoms will have on the whole a positive 
charge and others a negative, and these oppositely 
charged bodies will attract each other in accordance 
with the ordinary law of electricity. The idea that the 
atoms of a chemical molecule can be divided into two 
groups which are endowed in some way with opposite 
properties is a very old one in chemistry, and indeed 
much antedates the discovery of the electron. The very 
large class of chemical compounds known as salts, of 
which common salt is a typical example, afford good 
evidence of this. They consist essentially of a metallic 
and a non-metallic part, and can be looked upon as the 
result of a combination between an acid, which is a 
compound wholly formed of non-metallic elements, 
and a base which is a metallic oxide modified by com- 
bination with water. When the salt is formed, water is 
eliminated and takes with it the oxygen from the 
metallic oxide, leaving the metal in combination with 
the residue of the acid, called the Acid Radical. The 
dual nature of these compounds is well shown by their 
action when dissolved in water. They are all more or 
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less conductors, and in electrolysis the metal moves to 
the negative pole showing that it has a positive charge, 
while the acid radical moves in the other direction and 
is therefore negative. The metals are therefore des- 
cribed as electro-positive elements, and the elements 
which form acids as electro-negative. This description 
is also shown in other ways. Thus the metallic atoms 
have, as a rule, a comparatively small ionization 
potential showing that they can be deprived of an 
electron without much difficulty. On the other hand, 
atoms of the electro-negative elements when separated 
in the gaseous state show a tendency to acquire extra 
electrons and appear as gaseous ions with a negative 
charge. 

As soon as some insight was gained into the arrange- 
ment of the electrons in the atom, it became possible to 
bring the ideas of atomic structure into line with the 
chemical theory of valency. The fundamental idea is 
that chemical combination is a result of the action of 
those electrons which are least firmly held to the atom, 
and which are pictured as forming its outer layer. On 
the theory of the last chapter an atom of one of the 
inert gases contains in its outer layer a completed group 
or sub-group. Now the next atom in the periodic table 
is always one of what is called the alkali group, e.g. 
sodium, which is characterized by being extremely 
electro-positive but has only a single valency. The 
natural explanation is that the electron which such an 
atom possesses over and above those of the previous 
inert gas, is comparatively loosely held. Conversely the 
atom immediately preceding an inert gas is extremely 
electro-negative but also has only a single valency. We 
suppose, therefore, that such an atom — as, for example, 
chlorine — is anxious to obtain an additional electron to 
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enable it to complete its group. The union of an atom 
of sodium and chlorine to form a molecule of common 
salt is thus pictured by supposing that the sodium has 
lost an electron to complete the shell of the chlorine. 
Thus each is left with a completed shell, but with the 
difference that in the case of the sodium the number of 
extra nuclear electrons is one less than the nuclear 
charge, while in the case of chlorine it is one greater. 
Accordingly there is an electro-static attraction between 
the two which holds the molecule together. This idea 
may be pressed further. The next atom to sodium is 
electro-positive and divalent, and the one after triva- 
lent. Thus the former, magnesium, will combine with 
two atoms of chlorine, and the latter, aluminium, with 
three. The natural interpretation is that magnesium 
has two electrons to spare outside its completed group 
and can thus complete the groups of two chlorine 
atoms, while aluminium can hold three. This view is in 
agreement with what at first sight seems a curious 
fact; namely, that though sodium can only combine 
with one chlorine it does so with more vigour than 
aluminium combines with its three. One may suppose 
that the three aluminium electrons are on the way to 
form a new group of their own and might indeed with 
a little encouragement attract additional electrons to 
complete it. Actually aluminium in a few compounds 
shows signs of electro-negative behaviour. At the 
electro-negative end similar effects are found. Thus 
oxygen, which occurs two places before an inert gas, 
can combine with 2 atoms of sodium or i of magne- 
sium, while 2 aluminium will combine with 3 oxygen 
atoms. In each case the excess electrons of the metals 
are just sufficient in number to fill the gaps in the 
electro-negative atoms. 
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In the first two rows of the periodic table the inert 
gases succeed each other at intervals of 8 places, so the 
rule is equivalent to saying that the outer electrons of 
the atoms of a compound add up to 8 or a multiple of 
8. As it is in the first two rows that the regularities 
referred to are most strongly marked, the number 8 
has played a very important part in chemical theory. 
On the view given in the last chapter it represents the 
number of electrons required to complete the sub- 
groups for which I = o and i. For the first row this 
also marks the completion of the whole group corres- 
ponding to the principal quantum number 2 . For the 
elements beyond these rows things get rather more 
complicated because, at certain places in the table, sub- 
groups which had been passed over in favour of those of 
a higher principal quantum have to be filled, as it were, 
underneath the surface. Several atoms may thus 
succeed each other with the same outer electrons, and 
therefore closely similar chemical properties. 

It is worth noticing that this view of chemical com- 
bination is in full agreement with the theory of valency 
described in Chapter III. The ‘bond’ appears as the 
transference of an electron, and the tags of string by 
which we visualized it appear as either an unneeded 
electron or a place for an extra one. For this class of 
compound a better image would be a number of pro- 
jecting spikes on one class of atom fitting into holes on 
the atoms of the opposite kind. The inert gas is thus 
the type of a saturated compound, and the absence of 
chemical activity in these elements is fully explained. 
When a molecule of this kind is dissolved in water the 
electrons remain with the atoms to which they have 
been transferred, but the electro-static attraction is 
overcome and the atoms drift apart as charged ions. 
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Since the presence of water between two electrical 
charges does, in fact, diminish the attraction between 
them to of its original value, this result is not sur- 
prising, and we can see why solutions of salts in water 
conduct well, while the same salts in some other liquids 
are insulators. 

Compounds of this class are sometimes called 
Heteropolar. One part is different from the other as 
positive is different from negative. But there are other 
compounds which do not fit in with this scheme as it 
stands. For example, 2 atoms of chlorine can combine 
to form a molecule, and so can 2 of oxygen. Here both 
atoms of the compound are equally deficient and 
neither can supply the electrons required by the other. 
To get over this difficulty it has been supposed that in 
certain cases electrons may be shared by 2 atoms so 
that they count towards the groups of both. Thus if 2 
electrons are shared between the chlorine atoms, the 14 
electrons can be made to do the work of 16 and provide 
two groups of 8. Similarly with oxygen, if 4 are shared 
the 12 electrons become equivalent to 16. In such com- 
pounds the 2 atoms are on an equal footing and the 
compounds are called Homopolar. Numerically far the 
largest class of compounds is formed by those of 
carbon, for they include the hundreds of thousands of 
organic compounds known, many of them of very great 
complexity. It is in this class that the theory of valency 
has had its greatest success. Starting from the basis that 
carbon has 4 valencies, it has been possible to build up 
structural formulae, as they are called, showing the way 
in which the atoms are linked together. The pictures so 
formed of the molecules have been of the greatest value 
in predicting chemical properties. For example, atoms 
near together in the molecule are found to be more 



ELECTRONS IN CHEMISTRY 133 

likely to react jointly with an external reagent than those 
far apart. Even the shapes deduced for the molecules 
have been confirmed by the X-ray study of organic 
crystals. The power of the valency theory over carbon 
compounds and also their variety is probably connected 
with carbon being the middle element between two 
inert gases. Thus it can get its closed group either by 
losing 4 electrons or by gaining 4. 

In many cases the carbon atoms are arranged in 
chains which may reach to 20 or more members. In 
these chains the carbon atoms are linked together in 
what is apparently a homopolar manner. Whatever the 
nature of the bond, it is apparently shared equally by 
the 2 atoms which it connects. This bond is regarded 
as a sharing of a pair of electrons. Sometimes a special 
type of bond occurs which may be regarded as the 
sharing of 4 electrons. This is spoken of in chemistry 
as a double bond and on the valency picture implies 
the tying together of two pairs of tags. But so far from 
a double bond being twice as strong as a single bond it 
is actually weaker. On the electron view this is not 
surprising, because if 4 electrons are to be crowded 
together between the 2 carbon atoms their mutual 
repulsion will be large and will be all the time tending 
to push them apart and so sever the bond. 

Triple bonds are also known and presumably involve 
the sharing of 6 electrons. Long chains are only formed 
from the strong single bonds with perhaps an occasional 
double or treble one. To complete the necessary num- 
ber of electrons each atom in a chain of single bonds 
requires 2 extra from outside. These are supplied by 
other atoms attached at the side of the chain. They are 
often atoms of hydrogen. This is the case in the group 
of compounds which compose mineral oil and are 
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known as paraffins. Besides these homopolar linkages, 
organic molecules sometimes contain atoms which are 
attached by a heteropolar bond and undergo dissocia- 
tion. For example acetic acid (vinegar) can combine 
with metals to form salts very similar to those of inor- 
ganic acids. 

A peculiar and very important type of linkage is what 
is technically called a benzene ring. This is a structure 
of 6 carbon atoms which forms a fundamental part of 
the molecules of the coal tar dyes and of many other 
organic substances of technical importance. An 
immense amount of thought and ink has been expended 
on controversies as to the exact method in which these 6 
atoms are linked together. It is certain that they 
somehow form a closed ring, and it is extremely prob- 
able that all the atoms of the ring are equivalent. It 
is now believed that double and single bonds alternate 
round the hexagon of carbon atoms, but instead of 
these bonds being fixed so that a particular atom has, 
say, a single bond on its left and a double bond on its 
right, they alternate with great rapidity between this 
state and the reverse, in which the double bond is on 
the left and the single bond on the right. 

It is difficult to explain the idea of an electron shared 
between 2 atoms on the orbit theory, and the theories 
we have been describing grew up quite independently 
of the former, and indeed rather as rivals to it. They 
were, however, quite unable to explain spectroscopy, 
and were not regarded with much favour by the more 
mathematical physicists. The coming of the wave 
theory gives reason to hope that it will be possible to 
devise a structure of the atom which will be equally 
satisfactory both to physicists and to chemists. In the 
last few years the work of Heitler and London shows 
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considerable promise of adapting the wave theory of 
atomic structure to chemical requirements. Unfor- 
tunately the mathematical process used is very difficult 
and abstract, so that it is not easy to express simply the 
ideas involved. They consider the homopolar type of 
combination, the theory of the heteropolar type being 
probably not very different on the wave theory from 
what it was on the older view. It appears on the wave 
theory that when two atoms approach each other very 
closely, there may in certain cases be a rapid inter- 
change of electrons backwards and forwards between 
the two, and that when this occurs it is equivalent to a 
force drawing the two atoms together. This force is 
usually more important than the ordinary electric 
attractions and repulsions between the constituent 
particles. Such an interchange turns out only to be 
possible when each atom has an unpaired electron. 
That is when at least one of the ‘cells’ determined by 
three quantum numbers which might contain two 
electrons of opposite spins has only a single occupant. 
Only those electrons which are not paired in their own 
atom act in this way, and the process is to some extent 
analogous to the completion of a sub-group, except that 
the pair of oppositely directed electrons takes the place 
of the group of 8. It is very unfortunate that no simple 
translation can be made of the idea of electronic spin 
into the wave theory, as the importance attached on 
this theory to completing a pair implies that it is in 
some way the spin which is responsible for the non- 
polar type of chemical linkage. Since the number of 
single electrons in an atom is limited, so also is the 
number of other atoms with which it can combine in 
this way, and the general idea of valency is kept. The 
number of such single electrons is found in most cases 
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to be in agreement with the usually accepted chemical 
valencies, and in some cases the theory explains certain 
differences in behaviour between otherwise similar 
atoms in the same group of the periodic table. It 
appears from the theory that 2 atoms, even when they 
have the necessary unpaired electrons, will not combine 
every time they meet. There are two possible modes of 
approach, one causing a repulsion and the other attrac- 
tion and combination. One may think of these as 
corresponding to two possible relations between the 
spins of the single electrons in the atoms, which may 
be in the same or opposite directions. 

The theory gives a complete and satisfactory account 
of the simplest molecule, that of hydrogen. In other 
cases the mathematical difficulties are too great to 
allow of more than a prediction in general terms of the 
kind of things to be expected, but these predictions are 
in accord with chemical facts, and there can be little 
doubt that here at last is a satisfactory theory, capable 
in principle of dealing with chemical combination. 

Of course, chemistry is a very complicated subject, 
and it will probably be necessary to consider types of 
union other than the two classes we have mentioned. 
In any case, these represent the two extremes between 
which most cases lie, the electrons neither being com- 
pletely transferred from one atom to the other, nor 
shared quite equally between the two. 

Among other types of union are those depending on 
what are called polar molecules. Water for example, is 
a compound whose electrical properties show that it 
has a positive charge at one end and a negative at the 
other of its molecule. Many salts take up a certain 
number of water molecules when they get the chance. 
This water is called water of crystallization. If parts of 
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the salt molecule are charged they may attract the end 
of the water molecule which has an opposite charge, 
though both salt and water are neutral as a whole and 
neither may have any electrons to spare for bonds. 

In recent years electron diflFraction (Chapter XII) 
has been used with success to determine the distance 
between the atoms in the molecules of gases. The pro- 
cess is in some ways analogous to the use of X-rays for 
determining the positions of the atoms in crystals. It 
makes possible the analysis of the distance between 
atoms in substances which either do not crystallize well 
or in which the atomic distances may be different in the 
gas from what they are in the solid. In this way it has 
been found possible, for example, to assign definite 
measures to the distance between carbon atoms when 
united by single, double, or triple bonds or in a benzene 
ring. 

Because of their complexity physics can never predict 
the facts of chemistry, but it is successfully explaining 
the partly empirical rules which chemists have found 
useful in ordering the vast mass of data which their 
subject provides. 



CHAPTER XV 


ATOM SPLITTING 

I TS nucleus is the characteristic part of an atom. 

Remove all the electrons, though this would be 
difficult in the case of a heavy atom, and the moment 
the atom is let alone it will recover by picking up 
electrons from its surroundings, emitting X-rays and 
light in the process. Alter the nucleus and you get a 
new atom, or perhaps two if the alteration has removed 
protons and neutrons which can form a second nucleus. 
In radio-activity the nucleus alters spontaneously, 
emitting beta particles, which are electrons, or alpha 
particles which are the nuclei of helium atoms. In the 
early days of the study of radio-activity many attempts 
were made to hurry up the natural process, but all were 
without avail. Even bombardment by the rays from 
other radio-active substance was useless, and there is 
still no known means of accelerating the process. But 
though natural radio-activity is so intractable, the years 
between the wars opened up a vast new range of 
knowledge, for which Lord Rutherford was largely 
responsible, of the possibilities of nuclear change. 

Like many other major discoveries, it began gently, a 
slight extension of previous work leading to unex- 
pected results. The collision of alpha particles with 
light nuclei had been studied in the Wilson chamber. 
In the case of air, for example, the nuclei are not more 
than four times heavier than an alpha particle. In any 
close collision in which the alpha particle gets a violent 
deflection, the shock will drive the other nucleus for- 
ward with considerable energy. It will ionize by 
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collision and a visible track will result. The track of the 
alpha particle will thus show as a fork, one prong due 
to the deflected alpha and the other to the nucleus 
that has been struck. If instead of air hydrogen is used, 
whose nucleus is a single proton and so actually lighter 
than the alpha particle, the speed of the nucleus after 
the collision may be greater than that of the original 
ray, and its track longer. 

Rutherford studied the fast protons produced in this 
way. He used a fluorescent screen plaeed out of range 
of the original alpha-rays, so that only the protons 
could reach it, and observed the scintillations. When a 
layer of substance which contains hydrogen such as wax 
was used he found, as he expected, long-range protons. 
But he found also, to his surprise, that he sometimes 
got what appeared to be the same effect in certain 
cases when no hydrogen was there. He verified that 
these scintillations were in fact due to fast protons and 
was driven to the very remarkable conclusion that, 
very occasionally, the collision of an alpha-ray with 
certain atoms — for example nitrogen — could release a 
proton from the nucleus with nearly as much speed as 
if it had been part of a hydrogen molecule. The effect 
has been observed for a number, though not for all, of 
the lighter elements. In the case of aluminium the 
velocity of the proton is exceptionally high, so high in 
fact that the collision must cause a gain in energy. 
Rutherford had establised a fresh stage in the splitting 
of the atom. 

The study of the results of these collisions in a 
Wilson chamber has brought out the interesting fact 
that the alpha particle stays inside the nucleus after the 
collision. This is shown by the fact that the track 
corresponding to the disintegration of an atom shows 
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a fork with prongs of unequal length. The long prong 
corresponds to the fast proton produced by the 
collision ; the short prong to the rebound of the rest of 
the nucleus. There is no third track such as would be 
caused if the alpha particle continued on its course. It 
follows that what seems like a process of breaking down 
an atom is really one of building up, because the 
nucleus gains 4 units of weight and loses i. 

The next advance was due to Cockcroft and Walton 
working under Rutherford in the Cavendish Labora- 
tory. They bombarded light elements not with alphas 
but with protons accelerated to voltages of ioo,ooo-> 
600,000 produced by the method of high-voltage 
electrical engineering. They found that a number of 
the elements disintegrated, sometimes giving rise to 
artificial alpha particles. These were detected by the 
scintillations they produced, and a little later their 
tracks were observed in a Wilson chamber. In a sense, 
these experiments are the reverse of those of Rutherford 
for here protons are used to evict alpha particles while 
Rutherford used alphas to get protons. Other bom- 
barding particles were used, notably the nuclei of 
‘heavy hydrogen', the isotope of hydrogen of weight 2. 
This heavy hydrogen can be isolated by the repeated 
electrolysis of water, and is particularly effective when 
used for disintegration. Nearly at the same time came 
Chadwick's discovery of the neutron referred to in 
Chapter X, with which we must now deal in more 
detail. 

As a result of experiments on the action of alpha- 
rays on beryllium, it was found that very penetrating 
gamma-rays were emitted and that these had certain 
peculiar and puzzling properties. The difficulty of ex- 
plaining these led Chadwick to the conclusion that, in 
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addition to the gamma- rays, there were particles of a 
character hitherto unknown to physics. To these 
particles he has given the name of neutrons. Their 
most outstanding property is that of penetration. They 
can penetrate about 10 cm. of lead with a loss of only 
half their strength, while even the most penetrating of 
the gamma-rays from radio-active substances can only 
penetrate half a centimetre under these conditions. 
The neutrons are relatively massive particles, being 
approximately equal in weight to an atom of hydrogen, 
and thus far heavier than electrons or beta-rays. They 
owe their penetrating power to the fact that they are 
uncharged, and thus the charged electrons and nuclei 
of the matter through which they pass can exert very 
little if any force upon them. It seems that only when a 
neutron makes what one may describe as a direct hit 
on the small target of an atomic nucleus is there any 
appreciable deflection or retardation of its motion. 
When it does so, the nucleus which has been struck is 
projected forward directly or obliquely, and the 
neutron correspondingly deflected. These projected 
nuclei, being charged, behave like other rays of atomic 
dimensions and can be detected by the usual means — 
measurement of the ionization which they produce in a 
gas, or observation of their path as made visible by 
water drops in a Wilson cloud-chamber. It is thus 
only at second-hand that the neutrons can be observed, 
and their properties have to be deduced from the beha- 
viour of the nuclei which they set in motion. Chadwick 
was able to determine, at least approximately, the mass 
of a neutron by observing the velocities thus given to 
other nuclei of different masses. He actually used those 
of hydrogen and nitrogen. Knowing the velocity given 
to these two kinds of nuclei by collision with neutrons, 
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it is possible, by a simple application of the laws of 
momentum, to deduce both the speed of the original 
neutrons and their mass. The speed is of the order of 
10,000,000 metres a second and the mass closely 
approximates to that of a hydrogen atom. In addition 
to beryllium, neutrons are formed by bombarding 
lithium, boron, fluorine, sodium, magnesium and 
aluminium with alpha particles. The yield and speed of 
the neutrons varies from one element to another. 

Some of the elements are among those studied by 
Rutherford in his earlier experiments. He found, as 
will be remembered, that the bombardment by alpha 
particles caused the emission of fast protons. Thus the 
same projectile on the same target can cause two 
diflFerent types of disintegration, it being apparently a 
matter of chance which occurs in any particular case. 
In both cases, however, and the same applies also to the 
experiments described below, the first stage of a disin- 
tegration is that the projectile and target coalesce to 
form a more complex nucleus which then explodes. 

Besides the kind of collision in which the neutron 
strikes a foreign nucleus and drives it forward, there are 
other and more interesting kinds in which the neutron 
itself produces a disintegration — a second generation 
so to speak. This was first observed for some of the 
light elements such as boron, nitrogen, oxygen and 
fluorine, the nuclei of which, under bombardment by 
neutrons, give out alpha particles. Thus we have alpha 
particles giving birth to neutrons and these in turn 
generating alpha particles. But the peculiar virtue of 
neutrons from the point of view of the nuclear surgeon 
is that being uncharged they enable him to probe the 
heavy nuclei of large atomic number (p. 88 ) (i.e. large 
positive charge) which would repel those particles like 
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protons and alpha-rays which are themselves positively 
charged. 

In 1934 the Italian physicist Fermi made the remark- 
able discovery that neutrons can produce disintegra- 
tions as a consequence of which new unstable nuclei 
are produced which are radio-active, and emit electrons 
over a period ranging from seconds to hours. This 
process occurs with a great many elements, indeed with 
the majority of the heavy ones. It is a two-stage pro- 
cess : first, the neutron is captured by the heavy 
nucleus, sometimes with the emission of an alpha 
particle, sometimes with that of a proton and some- 
times without any other change occurring. The newly 
formed nucleus, which is a previously unknown isotope 
of one of the existing elements, then disintegrates just 
like one of the natural radio-active elements. In all the 
cases which Fermi observed it emits an electron and 
the details of the process appear to be closely analogous 
to those cases of natural radio-activity in which an 
electron (beta-ray) is emitted. In particular, the 
velocity of the ray is not precisely determined, though 
there is an upper limit for each particular substance. 
This remarkable discovery has enormously increased 
the number of known isotopes and of radio-active 
substances. 

Arising out of this discovery Fermi has found that 
neutrons are affected in a special fashion when they 
pass through substances largely composed of hydrogen, 
such as water or paraffin wax. The collisions with 
protons, which are the nuclei of the hydrogen atoms, are 
very effective in slowing down the neutrons, and these 
slow neutrons are peculiarly effective in producing 
that class of nuclear transformation in which the 
neutron is absorbed directly into the nucleus, without 
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emission of proton or alpha particle, to give a radio- 
active substance. In cases like these the effect of a 
source of neutrons can be magnified by a factor of ten 
or more by surrounding either the source or the sub- 
stance, whose nuclei are to be transformed, by a thick 
layer of water or paraffin. The neutrons diffuse 
through the paraffin almost like the molecules of a gas 
diffusing through air, and it has even been found 
possible to direct a stream of electrons along a tube by 
covering it with a thick layer of paraffin. 

Later Moon and Tillman have shown that these 
neutrons have reached a stage when their energy is the 
same as that of the molecules of the substance through 
which they are moving, and is less if this is cold than 
if it is hot. 

Another startling discovery slightly preceded that of 
the neutron. It had been known for some time that 
the atmosphere is traversed by a penetrating radiation 
apparently coming from outside the earth, to which the 
name cosmic rays has been given. It was supposed at 
first that this radiation was similar in character to 
X-rays and to the gamma-rays of radio-active sub- 
stances, differing from them only in having a shorter 
wave-length and consequently greater penetrating 
power, and radiations of this type are almost certainly 
present among them. The origin of these rays is still in 
dispute, but it appears that at least the greater part of the 
primary rays consists of electrically charged particles, 
for it is found that the radiation is weaker near the 
Equator than in higher latitudes. The most reasonable 
explanation of this is to suppose that the particles are 
deflected by the earth’s magnetic field, and it can be 
shown that charged particles under the action of such a 
field would tend to concentrate into the higher latitudes. 
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Indeed, only those with great energy would be able to 
reach the Earth an}rwhere near the Equator. It has also 
been found that the rays tend to enter the atmosphere 
from the west rather than from the east, which is what 
would be expected if the majority of the particles were 
positively charged. But whatever the nature of the 
primary rays there is no doubt that among the rays 
actually observed, whether they be primary or secondary 
in character, there are many which are electrically 
charged and can be deflected by magnetic fields. The in- 
tensity of the ionization produced by these rays, taken in 
conjunction with their magnetic deflection, shows that in 
the majority of cases their mass must be at least much 
nearer that of an electron than that of even the lightest 
nucleus. In the course of the study of these rays, 
Anderson in California observed a remarkable instance 
in which the magnetic deflection was apparently in the 
wrong direction, and the most careful examination of 
the results showed no alternative except to suppose 
that the observed effect was due to an electron with a 
positive charge. Shortly afterwards, Blackett and 
Occhialini, working in Cambridge, found a number of 
other instances. In many cases the tracks of the positive 
electrons were grouped in ‘showers’ consisting of a 
number of rays, a dozen or more, diverging from a 
small region. As a rule some of the tracks correspond 
to negative electrons and some to positive electrons or 
positrons as they are now called. 

This discovery is peculiarly interesting because of its 
relation to what had seemed a rather fantastic theory 
due to Dirac. Dirac, in the course of an attempt to 
represent mathematically the waves associated with an 
electron, had come to the conclusion that it ought to 
be possible for such an electron to exist in a state of 
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negative energy, a conception which, though difficult 
to grasp physically, is capable of mathematical expres- 
sion. No such effect has been observed, and Dirac 
suggested that it had escaped observation just because 
it was too universal, that all the possible states of 
negative energy were, in fact, occupied by electrons 
forming a continuous distribution which was virtually 
devoid of properties. But suppose that, as the theory 
indicated was possible, an electron left one of those 
states of negative energy and appeared in a normal 
state, one would then have the apparent creation of an 
electron and at the same time there would be created a 
‘hole’ in the continuum of states with negative energy. 
Such a ‘hole’, representing the absence of an electron, 
would move, under the action of a force, in the opposite 
direction to that in which an ordinary electron would 
move, i.e. it would move as though it had a positive 
charge. Furthermore, the absence of negative energy 
is equivalent to the existence of positive energy, so that 
we deduce that this ‘hole’ would behave like a particle 
with a positive charge and the energy, and therefore 
the mass, of an ordinary electron. Such a ‘hole’ would 
not be permanent : sooner rather than later an ordinary 
electron would fall into it and the balance of energy 
would be radiated as X-rays. An observer would inter- 
pret this as a mutual annihilation of positive and 
negative electrons and the transformation of their mass 
into the energy to which, on the theory of relativity, it 
is equivalent. Such an effect has actually been ob- 
served. Positive electrons when absorbed by matter give 
rise to penetrating X-rays of just about the right energy. 
What is more, the reverse effect has been observed. 
Chadwick and Blackett have found that the powerful 
gamma-rays from certain radio-active substances, when 
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absorbed by heavy atoms like lead, give rise to pairs of 
positive and negative electrons. Some of the negative 
electrons were no doubt present in the atoms to begin 
with, and were extracted by the gamma-rays in a well- 
known manner, but it is suggested that the positives 
and an equal number of the negatives were produced in 
pairs in accordance with Dirac’s theory, an electron 
being elevated from a state of negative to one of positive 
energy, appearing thus as a normal visible electron and 
leaving its former state unoccupied, which thus becomes 
observable as a positive electron. This is the nearest 
which we have so far got to the creation of matter from 
energy. Superficially two electrons, one of either sign, 
are created out of radiation. On Dirac’s view, an 
electron is removed from a state in which it is unob- 
servable, and thereby both it and the empty state 
become subject to observation. 

Closely connected with this discovery is one made 
by M. and Mme Joliot (Irene Curie), who also 
were concerned in the work which led up to the dis- 
covery of the neutron. They found that when certain 
substances were bombarded by alpha particles they 
yielded, in addition to the neutrons, radio-active nuclei 
which emitted positive electrons. Actually this dis- 
covery antedated that of Fermi and was the first 
occasion on which artificial radio-active substances 
had been produced. Like the radio-active substances 
found by Fermi, these are previously unknown isotopes 
of known elements, and the Joliots named them radio- 
nitrogen, radio-aluminium, radio-silicon and radio- 
phosphorus. These are formed by bombarding respec- 
tively boron, magnesium and aluminium, magnesium 
yielding two, the others one each of these isotopes. 
Unlike the others radio-aluminium gives negative 
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electrons and thus is similar in behaviour to Fermi’s 
radio-active elements. 

In the period between 1933 and the war a whole new 
science sprang up which may best be described as 
nuclear chemistry. Like chemistry, it has its symbols 
and its equations. For example, 

6 2 4 4 

Li + H > He + He 

3 1 2 2 

refers to one of Cockcroft’s disintegrations and states 
that an atom of lithium of mass 6 and atomic number 
3 (one of the two stable isotopes of that element) when 
bombarded by the nucleus of heavy hydrogen, mass 2 
and atomic number i, yields two alpha particles of 
helium nuclei each of mass 4 and charge 2. Notice that 
both masses and charges balance on the two sides. A 
condensed notation is ® Li {d a) ^ He where d stands for 
deuteron, the name now given to the nucleus of heavy 
hydrogen. By 1939 over twenty types of disintegration 
were known corresponding to different combinations of 
bombarding and emitting particles and the number 
of actual nuclear equations known to exist ran into 
several hundreds. One can only attempt to indicate in 
the broadest outline such a mass of facts. A few general 
rules emerge, but even these are partly due to the 
limitations in the energy of the artificial projectiles at 
the disposal of the nuclear chemist which restrict the 
nuclear reaction he can produce. Thus so far only the 
nuclei of small atomic number are successful as pro- 
jectiles. This is almost certainly because the repulsion 
of the more heavily charged nuclei from the bom- 
barded nucleus prevents them from reaching it with the 
energies at present available. The only slow moving 
particles which can produce nuclear charges are 
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neutrons, for they alone are not repelled by the other 
nucleus. The emitted particles are usually also light, 
and it is rare for more than one to be released from any 
one nucleus, though cases are known in which two and 
perhaps three neutrons appear. All the artificial radio 
elements so far formed are of the beta type emitting 
electrons or positrons. In other cases the particle 
appears with no delay long enough to be measurable. 
Hard gamma-rays can eject neutrons from certain 
nuclei, perhaps also protons. Electrons are occasion- 
ally captured by freshly formed nuclei, being drawn 
from the electrons naturally present in the atom. The 
main thing that governs the possibility of a reaction is 
the energy available. 

Bohr has put forward a theory of the nucleus which 
enables us to make some kind of a picture of the pro- 
cesses going on, and is capable of mathematical expres- 
sion so as to make rough calculations possible. 

He considers a nucleus made up of a number of com- 
ponent particles, probably protons and neutrons 
though alpha particles are not excluded. Unlike the 
electrons in the outside of the atom, the particles in 
the nucleus are jammed so tightly together that they 
have no individual freedom of motion and are per- 
petually transferring energy from one to another. Their 
state in fact resembles that of the molecules in a liquid 
while that of the outer electrons resembles that of a 
rarefied gas. In fact, the analogy with a liquid is close 
enough for Bohr to have calculated some of the proper- 
ties of nuclei from the mechanics of a raindrop oscilla- 
ting under surface tension, surely a remarkable instance 
of the scientific use of analogy. These raindrop 
oscillations in fact represent nuclear oscillations, which 
are like those which the outer parts of an atom 
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undergoes when it emits a quantum of radiation. 
Here, too, quanta are emitted, though of much greater 
energy, corresponding by Planck's law to the much 
greater energies characteristic of nuclear processes. 
We have met them already as the gamma-rays which 
accompany radio-active changes, but they are not 
restricted to the natural processes. They occur in the 
great majority of nuclear disintegrations and their 
quanta have energies of the order of a million electron 
volts. As is the case of the quanta emitted by the elec- 
trons in the outer atom, they result from a transition 
between two ‘stationary states' or ‘energy levels' 
(Chapter XI), but this time the ‘levels' are in the 
nucleus, not in the outer part of the atom. These energy 
levels play a very important part in nuclear theory, just 
as the corresponding optical levels did in spectroscopy 
and the study of the outer atom. If an atom is in an excited 
state, i.e. at a level higher than the normal, it may get 
back to normal by emitting the energy as a gamma-ray, 
but in some cases it also has the chance of emitting a 
particle, neutron, alpha particle, proton or what not, 
which can also carry away the excess energy. These 
two processes compete, but as the gamma-ray emission 
is almost instantaneous only the most rapid forms of 
particle emission stand a chance against it. The energy 
levels play a part not only in emission but in absorption, 
and it is found that a particle is more likely to get into 
a nucleus if its energy is such that the combined nucleus 
will be at or near one of its energy levels. What 
happens then depends largely on chance: the new 
nucleus may go to its ‘ground level' by emitting a 
gamma-ray, it may get rid of some energy as a gamma- 
ray and the rest by spitting out the particle, or it may 
in some cases eject a different kind of particle 
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altogether. The first case maybe spoken of as ‘capture’, 
the second as an ‘inelastic collision’ since in effect the 
particle bounces off with loss of energy, the third is a 
true nuclear disintegration or rather transformation. 
Finally there is a very important variant of the third 
case in which the nucleus splits into two not very un- 
equal parts. This will be discussed in more detail in the 
next chapter. In these conditions it is meaningless to 
speak of the energy of any particular particle; all we can 
do is to consider the nucleus as a whole. The chief 
effect of the absorption of a projectile into the nucleus 
is to increase the common store of energy available for 
all the particles to draw on. 

Bohr suggests a mechanical model of the nuclear 
collision process w hich helps to make the ideas involved 
a little more precise. We picture a round bowl filled 
with billiard balls and suppose that the bottom of the 
bowl is plane and that the edge of the bowl bends over 
smoothly to join a plane rim extending to infinity in all 
directions and lying at a higher level than the bottom of 
the bowl. The difference in level between the two 
planes represents the difference in potential energy 
possessed by a billiard ball in the bowl and one outside 
— or by analogy by a particle inside the nucleus and one 
outside. The energy required to remove a particle 
(proton or neutron) from the nucleus may be estimated 
from the masses of the various nuclei and is of the 
order of ten million volts. We therefore take this to be 
the height of the ‘rim’ of the bowl measured in energy 
units. Each of the balls in the bottom of the bowl has 
the same potential energy provided it is not in the 
narrow boundary zone near the rim. Since we suppose 
that the balls are fairly densely packed and that they 
suffer frequent collisions in their motions, the average 
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value of the kinetic energy will be the same for each 
ball. The kinetic energy of an individual ball will be 
subject to fluctuations about the average value; but if 
the total kinetic energy of all the balls is less than the 
binding energy of a nuclear particle, i.e. about ten 
million volts, it is not possible for a single ball to receive 
a sufficient concentration of kinetic energy from the 
other balls to enable it to escape over the edge of the 
bowl no matter how long we are prepared to wait. This 
corresponds to the stable nucleus of an ordinary atom. 

Suppose now that a fast ball enters the bowl from the 
plane of the rim. If the assembly of balls held together 
and were sufficiently light it is conceivable that the 
whole group may be projected forward ; but in general 
the colliding ball will enter the bowl, rapidly lose its 
kinetic energy by collision with numerous balls in the 
bowl and so prevent that concentration of its energy on 
any one ball which would enable that ball to pass over 
the edge of the bowl and escape. This is the first stage 
of the process ; the number of balls in the system will 
have increased by one, and the average kinetic energy 
possessed by each ball will have increased. 

We now consider the second stage. After the capture 
of the fast ball the total kinetic energy of the system 
may have increased to an amount greater than the 
‘binding energy’ of one of the balls, so that after a 
certain time has elapsed there is a definite probability 
that owing to fluctuations in the distribution of energy 
among the balls one ball near the rim may have 
received a sufficient concentration of energy to enable 
it to escape before it again collides with another ball. 

In the nuclear analogue we know that an unstable 
nucleus may lose energy in the form of gamma-radia- 
tion. If this happens before a particle has had a chance 
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to escape the subsequent emission of a particle becomes 
less probable owing to the diminished supply of kinetic 
energy available for the ‘concentration’ mechanism. 
The time involved is of course extremely small even on 
atomic standards, and this theory does not refer to 
artificial radio-activity which, so far as is known at 
present, always takes the form of the emission of an 
electron or positron. Together with the natural radio- 
active emission of electrons as beta-rays this supplies 
one of the most puzzling problems of modern physics. 


F 



CHAPTER XVI 


NUCLEAR ENERGY 

M ankind has long known how to extract energy 
by chemical action, notably by burning wood 
and coal. In this process the atoms change partners and 
their surfaces are ruffled, as it were, by the change. 
Since the transmutation of the elements has passed 
from the alchemists’ dreams to a reality of the labora- 
tory, the possibility of releasing large amounts of energy 
by such changes has often been put forward. In 1945, 
as all know, it was realized in the most spectacular 
fashion. It is customary to call this energy ‘atomic’, 
but ‘nuclear’ would be a better term, since it is the 
nucleus which changes in the transmutations and causes 
the accompanying release of energy. 

Before describing the actual processes which have 
been used or suggested for the release of nuclear 
energy, it is well to explain how the possibility was pre- 
dicted by a theory which allows exact calculations to be 
made even in cases where there are as yet no experi- 
ments. It is one of the consequences of the theory of 
relativity that mass and energy are closely connected, 
so closely that when one appears the other must dis- 
appear. Thus when energy is released in chemical 
action there must be an accompanying decrease in 
mass. The products of combustion of a candle must 
weigh slightly less than the candle plus the oxygen 
needed to burn it. Now such an effect had in fact 
been looked for long before Einstein’s day and had not 
been found, but this does not disprove the theory, for 
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the magnitude of the effect predicted in this case is so 
small — only about one part in 2,000,000,000. The rate 
of exchange, so to speak, between mass and energy 
grossly favours mass, a very large amount of energy 
corresponding to a very small amount of mass. It follows 
that if any appreciable decrease in total mass could be 
produced by any change, the release of energy needed 
to balance it would be enormous. The small change in 
mass would have brought a vast amount of energy. But 
is it ever possible to produce appreciable changes in 
mass? 

For the last twenty-five years strong indications have 
been accumulating that it is. In mentioning the exist- 
ence of isotopes it was explained that their atomic 
weights were nearly integers when oxygen (actually the 
commonest isotope of oxygen) is taken as 16 exactly, but 
that hydrogen was somewhat exceptional, being about 
8 parts in a thousand high with a weight of i-oo8i. 
Actually, other atoms also show differences, though 
less marked ones, but the neutron is nearly 9 parts in 
a thousand high. Now if the nucleus of oxygen, for 
example, is built up of neutrons and protons there will 
be 16 of these fractional weights, amounting in all to 
over I per cent, of a unit, to spare and presumably 
these would have to be got rid of in the form of energy, 
yielding a prodigious amount. No one has achieved this 
particular synthesis, but there is good reason to believe 
that the sun and most of the stars derive the energy 
they radiate with such prodigality from the somewhat 
similar syntheses of helium from hydrogen. Bethe has 
worked out the probable mechanism, which makes use 
of carbon as a kind of catalyst, the carbon going 
through a cycle of changes and reappearing unchanged 
at the end. In this cycle no neutrons are added directly, 
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but the radio-activity of two of the intermediate stages 
which emit positrons reduces the nuclear charge and 
virtually changes to neutrons two of the four protons 
which go to make each helium atom. This process, 
which depends on reactions between charged nuclei, 
can only occur at enormous temperatures, many 
millions of degrees Centigrade, for only at these tem- 
peratures have any appreciable proportion of the 
protons the energy needed to bring them into effective 
range of the carbon nuclei against the repulsion of their 
charges. 

So far no way has been suggested for copying this 
process under terrestrial conditions and we must look 
for other possibilities. The detailed study of Aston on 
the weights of isotopes brought out many other varia- 
tions from whole numbers — less, indeed, than that of 
hydrogen, but similar in character. These experiments 
required the highest manipulative skill and are the 
foundation of all later work on nuclear energy, a good 
example of how precise measurement can lead to 
important conclusions. 

Most isotopes, indeed, show some appreciable devia- 
tion from the whole number rule. In the disintegration 
experiments of Cockcroft and others it has been possible 
to prove Einstein’s relation experimentally by checking 
up the difference in the weights of the nuclei before and 
after the reaction, as found by Aston, with the differ- 
ence between the energies of the original bombarding 
particles and those produced by the reaction. The law, 
once established, can be used to calculate the masses 
of rare or transient atomic species from the energy 
balance in the reaction which makes them. 

The differences from whole numbers which the 
weights of isotopes display, while characteristic of the 
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individual atomic species, show a general trend. Com- 
pared with oxygen, which though an arbitrary standard 
is a convenient one, the light elements up to about 
oxygen usually show an excess weight — are ‘integers 
plus’, the middle ones on to about iridium are ‘integers 
minus’, while those after iridium or platinum are 
usually ‘integers plus’ again. It follows that total 
weight could be reduced, and hence energy released, not 
only by building up from hydrogen and some other of 
the light elements, but also by breaking down the very 
heavy ones. Now, this is just what is happening in 
radio-activity. The fast rays ejected carry energy 
which, when they are absorbed, appears as heat. In 
practice the amount so obtained is small, because those 
radio-active substances which break down rapidly are 
available only in very small quantities, and the others 
take too long about it to be of practical value. Thus 
the spontaneous emission from a pound of uranium 
would give enough energy to take a liner across the 
Atlantic, but the uranium takes a thousand million 
years to give it! 

Radio-activity cannot be hurried and the experi- 
ments of Rutherford were the first in which the release 
of nuclear energy was deliberately produced. Ruther- 
ford’s alpha-rays transferred their energy to the nuclei 
they hit, but in some cases the energy of the proton 
produced was actually greater than that of the alpha 
particle causing it, so that there was a net gain of 
energy on the transaction. Unfortunately for the use 
of such a method as a practical source of energy, a 
collision of the Rutherford type is a very rare event. 
The vast majority of the alpha particles— all but 
perhaps one in a million — come to rest without ever 
having got near a nucleus of the substance which they 
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bombard. They are stopped by collisions with the 
numerous electrons which they attract, rather than with 
the very small nuclei, which, to make things worse, 
repel them. Thus, trying to release nuclear energy by 
bombarding a substance with charged particles is like 
trying to bomb a well-dispersed ammunition dump. 
An occasional lucky hit may produce a fine explosion 
and cause the enemy some loss, but on the whole the 
attacker will waste far more bombs than he will 
destroy ammunition. 

The situation is changed by the discovery of the 
neutron. Here at last is a particle which once launched 
has a certainty of producing some nuclear change 
before it dies, if nothing more than turning one isotope 
into another by attaching itself to its nucleus. In many 
cases the change it causes will release energy. Unfor- 
tunately, the neutron has in the majority of cases to be 
made by a process essentially of the Rutherford type, 
with its million to one inefficiency. 

There is, however, one way out, and the history of 
its discovery is remarkable. Fermi, in studying the 
action of neutrons on many elements, had tried them 
on uranium and had found evidence of what appeared 
to be a whole series of elements of atomic number ex- 
ceeding 92, which is that of uranium, and the highest 
known until then. These elements, however, did not 
behave as one might have expected and the matter was 
obscure. At the end of 1938 Hahn and Strassman 
found that several elements of moderate weight — in 
particular, barium — were produced from the neutron- 
uranium reaction. They hesitated to draw any definite 
conclusion, and it was left for Hahn's former co-worker 
Dr. Lise Meitner and her nephew Dr. Frisch, then 
refugees working with Bohr in Copenhagen, to suggest 
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that the whole uranium nucleus after absorbing the 
neutron could divide into two approximately equal 
parts, a suggestion which Frisch soon verified. He 
showed that the parts were repelled from one another 
with great energy; this is derived from the repulsion of 
their positive charges and is to be expected on the mass- 
energy considerations discussed above. Uranium, the 
heaviest natural nucleus, splits into two nuclei each of 
moderate weight with a diminution of mass and conse- 
quent release of energy. It was found that the two next 
heaviest elements, thorium and the radio-active element 
protoactinium, behave in the same way. This splitting 
or fission is most readily pictured on Bohr’s drop 
theory. The uranium nucleus is like a large electrified 
raindrop which can hardly hold together under the 
material repulsion of the charges on its surface. The 
advent of an extra neutron, especially a fast-moving 
one, is too much for it. Large oscillations are set up, 
the surface shape changes, a narrow waist forms and it 
divides into two parts. The analogy can be carried even 
further. Just as such a splitting raindrop might be 
expected to give off a shower of fine drops as well as 
two main pieces, so the uranium nucleus produces its 
spray, not of water, but of neutrons. This is the crux 
of the whole matter, for these spraying neutrons can be 
used again to cause the fission of more uranium atoms; 
these again will produce more neutrons, and so on by a 
process of endless multiplication like that of some 
simple organism. Since each uranium nucleus that 
divides releases about 200 million volts of energy, as 
against well under i volt when a carbon atom burns, 
the possibility of a rapid release of vast amounts of 
energy is clear. 

Since early in 1939 physicists in many countries have 
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been working hard on these lines. The difficulties have 
been considerable, and to appreciate them one must go 
a little more clearly into the constitution of uranium 
and the requirements of the process. Uranium con- 
sists of two main isotopes, of which that of mass 
number 235 comprises 0-7 per cent, of the total, and 
that of mass number 238 most of the rest. These two 
isotopes have different fission properties; both are 
capable of fission if bombarded by fast neutrons, but 
only 235 will divide when the neutrons are slow. Fast 
neutrons, however, do not always produce fission in 
238; they may experience inelastic collisions, coming 
off with reduced speed and leaving the nucleus un- 
changed. These slowed-down neutrons soon become 
unable to produce fission in 238 at all. Further, when 
the neutrons are slow they are liable to be absorbed, 
or ‘captured’, without fissure by the 238, which com- 
petes in this way with the 235 which alone can give 
fission at these energies. Since there is so much more 
238 than 235 in ordinary uranium, the net result is 
that neutrons will not multiply in a lump of this 
material. There are two possible ways round this 
difficulty. One is to separate the two isotopes and use 
only the 235, or perhaps the 235 with a little 238. This 
is an extremely arduous task. Separation of isotopes 
is a most difficult matter, especially when the per- 
centage difference in mass is as small as it is with 
uranium. Chemical methods are impossible, since 
there is virtually no difference in chemical properties, 
and the only means possible are physical methods 
depending more or less directly on the difference in 
mass. 

One of these, which has been used extensively in 
U.S.A., and which was investigated in this country at 



NUCLEAR ENERGY l6l 

a very early stage, is the diffusion of gases through 
small holes. In a gaseous mixture the lighter molecules 
move on the average faster and so tend to get through 
the holes in a diaphragm ahead of the heavier ones. In 
this way a separation can be effected ; if the first part 
of the gas to diffuse is collected it will contain more light 
molecules, and that left behind more heavy ones, than 
in the original mixture. Applied to the separation of 
uranium the heavier molecules will be those containing 
238 and the lighter those containing 235. Unfortu- 
nately, the effect is very small. Since uranium metal is 
not readily vaporizable, a gaseous compound, uranium 
hexafluoride, is used. With this, and under ideal con- 
ditions, the separation factor is 1-0043, which means 
that by a single operation starting with natural uranium, 
assumed to have 0-7 per cent, of 235, one could collect 
a small quantity with 0-7 X 1*0043 or 0*7032 per cent, 
of 235. Obviously it will take very many such stages, 
in fact several thousand, to get anything like pure 235. 

Another method is known as electromagnetic separa- 
tion and is interesting as being in principle the same as 
the method by which Aston first proved the existence 
of isotopes. In all his work, spread over many years, 
Aston probably never separated as much of all his 
isotopes put together as would make a pin's head, so 
one may imagine the task of scaling up the process to 
make even a single pound. However, the method has 
the advantage of being able, in principle at least, to 
make the separation complete in one stage, and the 
difficulties have in fact been overcome. 

Once pure 235 is obtained by any method a chain 
reaction becomes possible. Neutrons are not now lost 
to 238 and are available to cause fission by endless 
multiplication, except, and it is an important exception. 



those which escape from the uranium altogether. The 
proportion which do so depends on the size of the 
block of uranium used. Only the neutrons which come 
from atoms near the surface will escape ; if the block is 
large these are a small fraction of the total number, but 
if the block is small they are relatively more important. 
Thus we cannot get a chain reaction unless the block 
exceeds a certain size called the critical size. If it is 
smaller than this, so large a fraction of the neutrons 
formed in it escape before they can produce fission 
that a group of neutrons instead of multiplying will die 
out; the emigration will exceed the birth-rate. 

But if the block exceeds the critical size the chain 
reaction develops and the neutrons, and with them the 
fissions, increase at a prodigious rate. Each fission pro- 
duces much energy and a most violent explosion results. 
All that is needed is the mere existence of the block and 
a few stray neutrons to start it. Since neutrons in small 
numbers derived from cosmic rays exist in the atmos- 
phere, such a mass will go off spontaneously. Hence we 
have the paradox of a substance perfectly safe provided 
only a small amount is collected in any one place, but 
appallingly deadly if a critical amount is exceeded. To 
use it as an explosive, all that is needed is to make two 
pieces each less than the critical amount, but so that 
when put together the critical size is exceeded. When 
they are brought together swiftly the explosion will 
occur. 

But besides this utterly devastating use of nuclear 
energy there is another gentler method by which a 
chain reaction can be achieved, and historically this was 
done earlier. The first proof of the possibility of such 
a chain was given in 1941 by V. Halban and Kowalski, 
who came to this country from Paris, where they had 
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been working in Joliot’s laboratory, after the fall of 
France. It was first achieved in practice in Chicago by 
Compton and his co-workers late in 1942. This method 
depends in principle on deliberately slowing down the 
neutrons and using the 235. It so happens that most 
of the capture by 238, which competes so unfortunately 
with the desired effect, occurs when the neutrons have 
an energy which, though small compared with that 
with which they are released, is considerable greater 
than the so-called thermal energy which a neutron 
reaches after a very large number of collisions with 
surrounding nuclei. By slowing the neutrons down 
quickly it is possible to carry them past this dangerous 
age, and then the chance of fission in the 235 is enough 
to provide for multiplication. To do this a substance 
called a ‘moderator’ is used. The ideal moderator is a 
substance composed of light atoms which do not them- 
selves absorb neutrons. It has to be light because the 
lighter the atoms the more readily will the neutrons 
lose energy by collision with their nuclei. 

Hydrogen in the form of water or paraffin was tried 
first. It is light, but absorbs the neutrons too readily 
and just fails to give multiplication. Heavy hydrogen 
in the form of heavy water is much better, and it was 
this which Halban, who brought to England with him 
most of the world’s stock of heavy water, used to 
establish the possibility of a chain. Unfortunately, 
heavy hydrogen is very expensive, and large amounts 
are needed. Pure graphite is a substitute, and this is 
what has been used in U.S.A. It is, of course, much 
heavier and so less effective than hydrogen, but it will 
serve. The American scientists have constructed 
‘piles’: large numbers of graphite bricks built into a 
solid mass with rods of uranium running through it. 
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Ideally the neutrons produced in a rod by fission pass 
into the graphite where they are slowed down. They 
then go back into the uranium, where most of them 
produce fission in the 235. Such an arrangement could 
not be used as a bomb. If it got out of hand it might 
indeed explode, but only with moderate force. The 
neutrons take time to slow down and the rate of multi- 
plication is thus moderated. The early stages of an 
explosion would disintegrate the pile and so stop it 
working, before any really dangerous energy release 
could build up. Such a pile can be controlled in a 
variety of ways — for example, by deliberately intro- 
ducing some substance which absorbs neutrons. Also 
the chance of absorption with fission by 235 decreases 
with rise of temperature, so that the heat released tends 
to stop the process, though this effect is slight. Fortu- 
nately, too, a small proportion of the neutrons are 
released, not immediately, but after some seconds’ 
delay; this slows down the multiplication and makes it 
more easily controllable. 

In such a pile nuclear energy is released and ultimately 
appears as heat, which could be used in a boiler to drive 
an engine. This was not, in fact, the object of the U.S. 
piles, which were intended for war purposes. The 
energy was a rather embarrassing by-product; the 
object was to make an element called plutonium. To 
understand this we must go back a stage. Fermi found 
evidence for elements of atomic number greater than 
92. Some of these turned out to be really ordinary 
elements produced by fission, but two are real : 
neptunium of atomic number 93 and plutonium 94. In 
fact, when the 238 captures the semi-slow neutrons, as 
explained above, it becomes a new uranium isotope 239. 
This emits a beta-particle and turns to neptunium, 
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which in turn emits a second beta and becomes 
plutonium. Thus the very process which makes the 
pile difficult to work provides its most important pro- 
duct. For plutonium, like 235, is fissile and a possible 
bomb material. Further, since it is a new element, it is 
chemically different from uranium, and after a reason- 
able amount has accumulated in the uranium it can be 
extracted with only the usual difficulties of chemical 
manipulation. 

When one comes to consider peacetime applications, 
the energy release is the main product, and plutonium 
only an addition which is valuable because it helps to 
replace the 235 destroyed by the action of the pile. If 
practical use is to be made of nuclear energy the pile 
must be run at a high temperature, for only thus can 
the heat produced be used efficiently to generate power. 

There is no difficulty in principle in doing this. If 
the pile multiplies neutrons its temperature will rapidly 
rise and continue to do so till some control is adjusted 
to make the number of neutrons lost just equal to those 
created. The practice is a different matter, and the 
design of a pile to run at a high temperature presents 
grave difficulties. One of these difficulties is that many 
atoms absorb neutrons and so would stop the pile from 
working if used in quantity. The possible choice of 
materials is thus restricted. 

Nevertheless, one may reasonably hope that these 
difficulties will be overcome, and it is tempting to 
speculate on the possibilities. Comparing uranium 
with coal, the former releases something like two 
million times more energy per pound than the latter; 
on the other hand its cost is perhaps a thousand times 
greater on the same bases. Whether this cost will in- 
crease or decrease is difficult to say, nor can one do 



more than guess at the possible world supplies of 
uranium. Those known at the moment are not large, 
but it has mainly been valued for the radium it con- 
tains, and the search may not have been very thorough. 
One cannot help remembering how the supplies of oil, 
which seemed very limited, have managed so far to keep 
pace with the demand; perhaps the same will happen 
here. Nuclear energy will undoubtedly first be used in 
large generators, partly because of the limitations of 
critical size, but , more because any such plant must of 
necessity generate enormous quantities of neutrons as 
well as gamma-rays, some of which will escape. Now 
neutrons have a physiological effect similar to that of 
X-rays and in more than the smallest quantities are 
very dangerous to he.dth. Thus all piles must be 
heavily shielded, by lead to stop the gamma-rays and by 
water, or similar hydrogen-containing substance, to 
stop the neutrons. A good many feet of water would 
be needed and probably at least a couple of feet of lead 
if a man is to work anywhere near. This is not a serious 
restriction for a big power station, or even, perhaps, 
on a liner, but it would be quite prohibitive for a motor 
car or even an aeroplane. 

While we may reasonably expect nuclear energy to 
yield cheap power, it is easy to exaggerate the economic 
effects, especially at first. Power, in the present form 
of coal, is rather rarely the major item of cost of a 
process. Cheapening it will not make so much differ- 
ence. One may compare nuclear energy with water 
power, which is provided free by Nature, apart from 
the cost of the machinery to make it available. A 
country with abundant water power has undoubtedly 
a certain advantage, but not an overwhelming one. 
Nevertheless, as its use is developed, the possibility of 
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large amounts of cheap nuclear energy will affect world 
economics. It will no longer be necessary to transport 
large quantities of coal or oil to remote places, which 
will therefore be enabled to start industries. Really 
large amounts of power may make possible schemes 
which at present are outside serious consideration, such 
as flooding the Sahara or Central Australia. Metallur- 
gical processes rejected at present as too costly in power 
may become possible. Nuclear energy is undoubtedly 
a major discovery, and it would be '"s rash to define 
its limitations as it was for Watt to do so for 
steam. 

In the realm of war the use of nuclear energy is un- 
fortunately only too clear. That a single bomb should 
be equivalent to nearly 20,000 tons of T.N.T. alters 
the whole aspect of strategy and tactics. Yet certain 
limitations will remain for some time. ‘Atomic^ bombs 
are very expensive, and it will be long before any 
nation can afford to use them except on important 
objectives. An army in the field under modern condi- 
tions is widely dispersed and mry not prove a worth- 
while target. But one wonders what use an army will 
be, if the towns of the country it is supposed to protect 
can be destroyed without its being able to help. In the 
last war we were successful in stopping German 
bombing attacks, and we did this by inflicting a quite 
moderate loss-rate of the order of 5-10 per cent. This 
is an effective defence because the attacks, to be eflFec- 
tive, must be repeated night after night and the 
attackers are worn down by continued small losses. 
With ‘atomic’ bombs so few sorties would be needed 
that a far higher loss-rate would be tolerable, a rate so 
high that it is most unlikely that any future defence 
will be able to achieve it, at least in Western Europe. 



And there is the possibility of carrying the nuclear 
explosive in the warhead of a weapon of V2 type. 

It looks as though future wars will be waged mainly 
against towns and their inhabitants. Probably there 
will be mass evacuations at the first threat of war. If so 
the human casualties will not be high, but the loss of 
so much material and manufacturing power may 
paralyse a nation even after the war is ended. It 
is to be feared that recovery will be slow and un- 
certain. 

Since bombs can be stored indefinitely, but are slow 
to make, nations will fight chiefly with the capital 
accumulated in time of peace. This will tend to make 
wars short, or at least very intense, for there will be no 
point in holding back the bombs — better to go for a 
quick knockout. At sea, the 'atomic’ bomb gives the 
coup de grace to the already dying battleship, or indeed 
any vessel large enough to be a worthwhile target. 
Some carriers may be kept to bring the bombers in 
range of otherwise too-distant targets. If the war is 
short, questions of supply by sea hardly arise. If for 
any reason it is prolonged, the new weapon may make 
large convoys too dangerous. Small convoys will not 
be worth hitting. 

All the above assumes that the efforts now being 
made to arrive at international control are unsuccessful. 
The difficulties of such control, both technical and 
political, are great, but the penalty for failure is even 
greater. There are certain favourable points. Uranium 
and its possible substitute, thorium, are rare metals, 
so control of material is technically possible. The plant 
required to separate material for a bomb is large, very 
expensive, and not easily hidden, except that it might 
be possible to work electro-magnetic separation in small 
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units at some loss of efficiency. Though, unfortunately, 
the industrial use of nuclear energy produces 
plutonium, which is a bomb-maker, such plants are 
likely to be large and not numerous, so that adequate 
inspection is possible, if the infringement of sover- 
eignty involved is accepted. But in the long run much 
depends on goodwill ; probably no scheme of controls 
is entirely secure. Certainly it would be unwise for 
the main nations to be without a reasonable stock of 
bombs, otherwise they might be held to ransom by 
one of their number, or even by a relatively minor 
Power which had managed to make a few bombs surrep- 
titiously. 

So far we have dealt in the probabilities of the imme- 
diate future, good and bad. It may be worth making 
a few wilder speculations. Still greater amounts of 
energy — a thousand-fold greater — would arise if the 
elementary particles of Nature, neutrons and protons, 
could be destroyed and their mass turned into energy. 
Already, as we have seen, electrons can combine with 
positrons to disappear as radiation, but the positron 
only exists in Nature in the cosmic rays on too small a 
scale to have practical importance. It may be that the 
future will show some way of destroying the neutron, 
which, having no charge, would not require a compen- 
sating particle of opposite sign. Or, conceivably, 
electrons and protons could be made to coalesce, 
neutralize their charges, or release their energy. 

Jeans has considered that this may happen at certain 
stages of a star’s development. The arguments are 
based on what is thought to be the life history of a 
star as deduced from the types of stars now visible. 
Such arguments are open to doubt, and the evidence 
is much less strong than that for the Bethe theory of the 



generation of heat in the sun and stars like it. Never- 
theless, it may be we shall find this an instance of what 
has happened before in the history of physics — namely, 
that phenomena inferred from astronomy are after- 
wards verified in the laboratory. 



CHAPTER XVII 


SOME OUTSTANDING PROBLEMS OF THE 
NUCLEUS 

I N this chapter some attempt will be made to indicate 
the questions which are at present exercising the 
minds of physicists interested in the ultimate structure 
of matter. 

The oldest of these is the problem of the beta-rays. 
These, it will be remembered, are electrons emitted 
from various natural radio-active substances, but the 
term is extended to include electrons or positrons 
from any of the numerous artificially prepared radio- 
active isotopes now known. The original problem 
took this form: it is known that the beta-rays are 
emitted with a wide range of energy up to a well defined 
maximum, yet each atom emits one electron only; 
hence if all the atoms had the same mass and therefore 
energy to start with, after disintegration their energies 
would be different, and with their energies their masses. 
This variation of energy could hardly fail to affect their 
radio-active rates when they disintegrate in their turn, 
as many do ; yet they behave perfectly normally, nor 
have any variations in masses been observed. 

It might perhaps be supposed that some of the beta- 
rays had lost energy in escaping, but measurements of 
the total heat produced by beta-emitters shows that 
the total energy absorbed in a moderate thickness of 
metal is what you would expect from the observed beta- 
rays and nothing more. There is also good reason to 
suppose that the energy lost per atom is that of the 
beta-ray of maximum energy. 
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To explain this, Fermi has put forward the view that 
besides the visible electron — visible, that is, in a 
Wilson chamber — there is another particle, almost or 
quite undetectable, which he calls the neutrino. The 
sum of the energies of the electron and neutrino are 
supposed constant, or in other words the neutrino 
takes all the energy that is left after the electron has 
taken what it wants. When the electron has maximum 
energy the neutrino has none. The neutrino has no 
charge and is supposed to have little or no action on 
other particles and so to be almost undetectable. Its 
mass is in dispute, but certainly small. 

Now, in one sense this is just a device to save the face 
of the conservation of energy, for the energy allotted 
to the neutrino disappears from observation and might 
almost as well not be there. Physicists have learnt to 
look with distrust on hypothetical mechanisms which 
persistently evade observation. Yet, in default of any- 
thing better, the neutrino has survived as a respectable 
hypothesis for nearly twenty years, which is quite a 
long life considering the flux of theories of modern 
physics. It may, in the end, justify itself by being 
actually observed, or some turn of the theory may 
make it unnecessary, though it is hard to see how. As 
we shall see, it turns up again in other connexions. 

The next question is the very fundamental one : what 
holds the nucleus together? The protons of the 
nucleus being all positively charged repel one another; 
there must be some force or forces to overcome this and 
provide stability. Several theories have been put for- 
ward ; the one which at present holds the field is due 
to the Japanese physicist Yukawa. There are several 
varieties of this theory, which is highly mathematical, 
but the following may give a general idea of what it 
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implies. Neutrons and protons are held together by 
an ‘exchange force’ like that which we have invoked to 
account for homopolar valency, but instead of electrons 
being exchanged, what passes between the neutron and 
proton is a sort of disembodied charge, a charged ‘field’, 
the meson field. This field is, in many respects, 
analogous to the electro-magnetic field between an 
electron and the rest of the atom of which it forms part. 
Just as when the electron is displaced this field can 
radiate quanta, so if the nucleus is disturbed the meson 
field may radiate; but, since it is charged, the objects it 
radiates, unlike quanta of light, will be charged also, 
probably with a charge equal to that on the electron, 
since this seems the universal charge unit. Now this 
sounds a very fanciful theory and it probably would 
not have got far if, soon after it was put forward, some- 
thing closely resembling this predicted radiation had 
not been found in the cosmic rays. 

We have already seen that the cosmic rays contain 
electrons and positrons of high energy, thousands of 
millions of volts being quite usual. They also contain 
gamma-rays of similar energy. The bulk of the effect 
is due to charged particles produced by gamma-rays 
by the process of ‘materialization’ (p. 167), and these 
in turn produce more gammas but of lower energy, 
much as electrons produce X-rays when they hit the 
target of the X-ray tube. This process is called a 
‘cascade’ and accounts for the greater part of the effect 
observed in ionization chambers high up in the air and 
even for a considerable part of that at sea level. But 
experiments deep in lakes and in mines showed the 
existence in addition of a so-called ‘penetrating com- 
ponent’, which, though it also got less as one went 
further and further down, did so much more slowly 
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than the normal showers produced by the cascade pro- 
cess. Many attempts were made to explain this in 
terms of quanta or known particles, but none was 
satisfactory. 

Then indications were found in Wilson chambers of 
particles intermediate in mass between electrons and 
protons, with masses in fact of from 160-200 times 
that of an electron. These masses are about what the 
Yukawa theory would predict for the particles radiated 
from the meson field, and they have received the name 
of mesotrons or mesons. They might well be produced 
by the collision of fast protons with the nuclei of atoms 
high up in the atmosphere, and such an origin would 
accord well with other evidence as to the nature of the 
primary cosmic rays. This theory has been strength- 
ened by several later discoveries. The theory indicates 
that mesons are not permanent, but decay spontane- 
ously into an electron and a neutrino in a time of the 
order of two millionths of a second. Now, a very queer 
eflFect had been found with the penetrating cosmic 
rays. The absorption by the atmosphere depends on 
whether the rays come vertically or obliquely and this 
even after full allowance has been made for the greater 
mass of air traversed by the oblique ray. Since any 
absorption must be by collision with individual atoms 
it was most difficult to see how anything other than 
total mass could count. If, however, the mesons are 
disappearing by spontaneous decay, then the distance 
they have gone since they were formed will matter 
quite independent of the amount of air they have gone 
through. Blackett was the first to point this out and so 
greatly strengthen the meson theory. Finally, the late 
Professor Williams obtained Wilson tracks which 
appear to show the death of a meson, or rather its 
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transformation into something lighter, probably an 
electron. 

While most physicists believe in the existence of 
mesons, which, by the way, can have a charge of 
either sign, comparatively little is yet known of them. 
Measurements of their mass are not very accurate, and 
it is not even certain that they all have the same mass; 
the measurements range from 100 to 240 times the 
mass of an electron. How far the meson is entitled to 
be regarded as an elementary particle in its own right, 
or how far it can be regarded as an electron in an 
abnormal state giving it greatly increased mass, remain 
open questions. 

There are other forces in the nucleus, namely those 
between neutron and neutron. They, too, are attrac- 
tive, and probably of the ‘exchange’ type. A name, 
‘neutretto’, has been coined for a neutral particle 
similar in mass to a meson which may be connected 
with those exchange forces, but the evidence is far 
weaker than for the true meson. 

The impression one gets from these theories, with 
their numerous ‘particles’ w^hich all seem to have a 
certain connexion, is an unsatisfactory one. The old 
simplicity of electron and proton, w hich held when the 
first edition of this book was wTitten, has gone. It is 
difficult to believe that all these particles are really 
elementary in a fundamental sense. More probably 
they are different aspects of some underlying reality, 
and one may look for advances in the not very distant 
future which will provide a fresh synthesis of the data 
in terms of more fundamental conceptions. Such 
advances are most likely to come either from the study 
of cosmic rays or from that of artificially produced 
particles of extremely high energy. 



CHAPTER XVIII 


GENERAL CONCLUSIONS 

I N the course of this book we have seen how the 
idea of division into units appears in almost every 
branch of physics and chemistry. There are units of 
matter, of electricity, of energy. The developments of 
the present century have made this idea seem more and 
more fundamental in the universe. Some of the laws 
of Nature which formerly seemed the most important, 
such as gravitation, have been seen in the light of rela- 
tivity to be truisms. In almost any conceivable universe 
they must be as we find them. It seems otherwise with 
atomicity. There is no apparent reason why the world 
should have been constructed in this way, and the fact 
that it has been so constructed is perhaps the supreme 
discovery of science. Not only is the existence of small 
equal units important when these units can, in fact, be 
isolated, but it is the explanation of another large group 
of laws, which include many of those of the greatest 
practical importance. These are the laws called 
‘statistical'. They depend for validity on the curious 
fact that the most irregular chaos that can be conceived 
has by its very irregularity an order of its own. 

Consider, as an example, life insurance. It is known 
from past observation how many people in the country 
die each year at various ages. If ten thousand people 
take out life policies with a particular company, the 
company can calculate from these observations how 
many will die at the various ages, provided the people 
are a true random sample of the population. It is pre- 
cisely because they are a random sample that the calcula- 
tion is justified. If they have been specially selected in 
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any way the conclusion needs to be modified, and more 
data will be required before an accurate prediction can 
be made. Thus, selection by chance produces a law 
which a rational selection would destroy. It is the same 
with the molecules of a gas in a given vessel. They 
are moving about at random in all directions, bumping 
into one another and altering one another’s velocities. 
These velocities are a measure of the temperature, but 
they are unequal and perpetually changing, and the 
temperature represents only a mean effect. Now if a 
portion of this gas is removed, then since the molecular 
velocities are distributed at random, the sample will 
contain its fair proportion of fast and slow molecules 
and the mean will correspond to the same temperature 
as that of the whole. Thus, once such a group of 
molecules has been long enough in the vessel to reach 
a proper state of chaos, it is impossible by simply 
dividing it to get two portions of different temperatures. 
This is one simple case of the very important principle 
known as the Second Law of Thermodynamics. 

Now all laws of this kind necessarily involve very 
large numbers of units. An insurance company which 
depended on insuring half a dozen lives would be a 
very risky concern. For as few things are more certain 
than the profits of insurance on a large scale, so few 
are more uncertain than an individual life. The 
security of many of the laws of physics rests on the 
enormous number of units which are contained in even 
the smallest bodies of everyday life. Thus many laws of 
physics which contain no mention of atoms in their 
statement are only true because, in fact, atoms are small 
and therefore numerous. A peculiarity of these statis- 
tical laws is that, though the phenomena which they 
describe depend on definite laws, the nature of these 
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laws does not matter. Thus, in the example we have 
considered, the interchange of velocity between any 
two molecules depends greatly on the nature of the 
forces between them, but whatever the forces the statis- 
tical distribution of velocities is the same in the end. 
The importance of laws of this kind can hardly be ex- 
aggerated, yet they are solely the consequence of the 
unitary nature of the world, and would not seem true 
to a being constructed on so small a scale that he could 
watch individual molecules. But probably this very 
fact makes it impossible for such a being to exist. 

Yet in spite of the importance of units, and the dis- 
continuous view of the world which they necessarily 
lead to, there is another side to the question. We have 
seen how it has been found necessary to associate 
waves, not only with the light quanta, but with elec- 
trons as well and presumably with all particles. Now, 
waves essentially imply continuity. They involve the 
continuous propagation of something, even if it is only 
a probability. The efforts of the nineteenth century to 
reduce everything to the properties of a continuous 
medium, and those of the twentieth to explain it by 
particles alone, seem equally to have failed. However 
distasteful the idea, we are apparently forced to admit 
the two on an equal footing. Somehow they are both 
there in the world and neither will yield. The relation 
between them is still a matter of the greatest difficulty 
and no full solution has yet been reached. In any case 
that can be tested by actual experiment, there is seldom 
any doubt as to how to use the two conceptions, and 
we may hope that it will be possible to see them as two 
complementary halves of a single truth. 

In contemplating a world constructed of electrons, 
protons, neutrons and the quanta of radiation we 
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are conscious of a simplification, which is the chief 
aesthetic compensation for the difficult nature of the 
ideas which have to be introduced to explain their 
behaviour. Four ‘things’ and a few rules replace the 
vast diversity of the apparent world. Even the added 
complications referred to in the last chapter, though 
they suggest strongly that we have not reached finality, 
do not destroy the greatness of the achievement of atomic 
physics. But there remain two curiously arbitrary 
features. One is the difference in mass between electron 
and proton. This does not seem a priori a necessary 
feature of the scheme, and even if it were, it seems very 
strange that one should be (about) 1,844 times the other. 
It is such a queer number for Nature to choose; if it had 
been 3 or 4 or tt it would somehow have seemed more 
natural. Eddington has attempted explanations of this 
and also of the second arbitrary feature which is not 
unlike it in nature. It is this. From the charge on the 
electron, the velocity of light and Planck’s ‘A’ a com- 
posite quantity^ can be derived which is a true number. 
Unlike the values of the separate quantities it does not 
depend on the units used to measure them, provided, 
of course, they are the same for all three quantities. 
Thus, while the velocity of light is 186,000 if measured 
in miles a second and 300,000 in kilometres a second, 
this quantity is 137 and a fraction in all cases. It has 
thus a real physical meaning like the 1,844 have 
just been considering. Now Eddington’s argument is 
based on the idea that is a measure of the electro- 
static repulsion of two electrons, while by the Pauli 
exclusion principle ‘A’ is a measure of the size of the 
cell which is only allowed to contain one electron. It 
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therefore also expresses in some way the tendency of 
electrons to keep apart. If these are really expressions 
of the same physical fact there must be a relation 
between the numbers representing them. By an ex- 
tremely abstruse mathematical analysis he was able to 
reduce the relation to one of geometry involving the 
counting of a certain set of points. There are 136 of 
them, and it is apparently permissible to add one for 
the set as a whole. The explanation of the number 
1,844 is based on considerations involving relativistic 
properties of space and the size of the universe, but the 
arguments are of a very abstruse character. 

In the first chapter we started by postulating a crude 
substance, common-sense matter. In the course of the 
book the reader will have realized that this common- 
sense matter is not at all a matter of course. Its solidity 
seems to dissolve into a whirl of electrons and protons. 
Even its mass is not constant, for it may lose some when 
it radiates energy, nor is it the only thing which has 
mass, for this is a property of all forms of energy and 
in particular of light (visible and invisible) which in 
other respects differs widely from matter. Its most 
permanent property is the number and charges of the 
electrons and protons composing it. But we have seen 
that in exceptional circumstances pairs of electrons and 
positrons may materialize, which on Dirac’s view means 
that an electron may be called from the Nirvana of 
‘negative energy states’ to form part of tangible matter, 
or it may disappear by returning to its former condition. 
If the view of Jeans and others is correct, even more 
drastic changes are taking place in the stars. The 
nuclei, which contain the great bulk of the mass of a 
piece of matter, occupy a negligibly small part of the 
volume. For a man’s body their combined volume 



GENERAL CONCLUSIONS l8l 

would be an almost invisible speck. The rest is 
‘occupied’ by the circumnuclear electrons. While the 
newer theories are reluctant to assign any very definite 
size to these electrons, they certainly do not ‘fill’ this 
space in any ordinary sense, for it is quite possible to 
shoot electrons through it without producing any per- 
manent disturbance, though such may result. Thus 
the view expressed by the adherents of the orbit theory 
that matter is mostly empty space is at least not far 
from the truth. In fact, we are even worse off than 
they, for our electrons have no definite positions, only 
probabilities, and we are left with a world mostly 
holes, occupied by things which are nowhere in 
particular ! 

In these circumstances one can hardly escape con- 
sidering how far the matter of physics can claim to be 
‘real’, however much one may shrink from embarking 
on philosophical considerations, for which a scientific 
education and habit of mind is an inadequate prepara- 
tion. It would seem to the writer that there are several 
stages of reality. What one actually perceives has an 
instant reality at the moment of perception from which 
there is no escape. It does not matter if it turns out 
afterwards to have been a dream or hallucination; at 
least the perceiving was real. The next stage comes 
when one tries to piece together a number of percep- 
tions and form an object. Thus what one calls a chair 
is really a synthesis of a large number of separate 
impressions, visual and tactual, of that chair together 
with memories of what one judges to have been similar 
objects. To make the point more definite: What one 
actually sees from a given point of view is a perspective 
picture of the chair on the retina, slightly different for the 
two eyes because of their slightly different view-points. 
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These pictures change as one approaches the 
chair, and instead of trying to deal with them as a series, 
like a reel of cinematograph film, the brain creates a 
conception of a three-dimensional rigid body. The 
truth of Euclidean geometry means that if this is done 
according to certain rules, the conception will not 
need to be disturbed to fit perceptions from any other 
standpoint. But the chair may be a reflection in a 
mirror ; in such a case common sense would say it was 
not ‘real’. This is because if you tried to approach and 
touch it you would receive sensations which did not 
fit the imagined shape. It is necessary to make a more 
complicated assumption, and suppose a mirror and a 
‘real’ chair somewhere else. 

Now all this is just to show that the chair of common 
sense, as opposed to a single perception of it, is a 
geometrical abstraction erected in the mind to unify 
the perceptions and make it possible to act on them in 
a rational and useful manner. My contention is that 
the physicists’ chair of electrons and protons is just 
on a par with this. It is a different abstraction and 
stresses different points; it is suited as a guide for 
different kinds of actions, but as far as reality goes, 
there is nothing to choose. The physicist wants a 
scheme of things which will enable him to predict the 
result of any conceivable experiment. The result 
of an experiment means a perception on the part of 
somebody, and the necessary conditions are known 
from the perceptions of the man who set the experi- 
ment up. We need a rule to get from one set of per- 
ceptions to the other. This rule may be a mathematical 
law connecting symbols, but there must be as well a 
sort of dictionary which will translate the initial per- 
ceptions into the appropriate symbols at the beginning 
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of the calculations, and the final symbols back into 
perceptions at the end. It is the necessity for this 
dictionary which makes physics definitely and for 
always more than a special branch of mathematics. 
But though a mathematical rule will do for prediction, 
and is, indeed, the final aim of the science, it is by 
itself a very unsatisfactory tool for research when the 
subject is in the unfinished state. The discovery of 
fresh phenomena must be a tentative process, and the 
researcher is immensely helped in making a suitable 
choice of what to try next if he has in his mind a work- 
ing model, however crude, of what is going on. This 
suggests by analogy possible experiments and lines of 
attack, which the formal mathematical statement of 
what has actually been proved so far is often powerless 
to do. The conception of electrons and protons bears 
the same relation to the ultimate mathematical equa- 
tions that the common-sense chair bears to the blue- 
print from which it was made. Both conceptions have 
equal claim to reality so long as no perceptions arise 
which are inconsistent with them. 

Experiments such as the Wilson tracks and X-ray 
scintillations bring out very clearly the claim of atoms to 
common-sense reality, and it seems unreasonable to deny 
reality to an entity which leaves its signature scrawled 
across the air like a miniature cloud writer. As long as 
we keep to atoms there is little need to alter any 
ordinary conceptions. They pack together in crystals 
in definite arrangements like spheres of definite size. 
In X-ray analysis we ‘see’ the atoms in a sense very 
little different from that in which one may see bacteria 
under the microscope. We can say with certainty 
which atoms are neighbours in a molecule and which 
are far apart. There is altogether an air of order and 
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tidiness about their behaviour. When we go a stage 
further to the electrons which compose them, things 
become much vaguer. If they have definite places and 
orbits in the atom, they are apparently permanently in- 
accessible to direct observation ; our finest instruments 
are too coarse. To describe the behaviour of the waves 
which accompany them in the atom, space of many 
dimensions is required. Yet even here some vestiges 
of decent behaviour remain. There is a sense in which 
some electrons are near the nucleus, and some farther 
from it; they have certain favourite haunts. They 
retain their individuality by their quantum numbers. 
The free electron is better; its waves are in three 
dimensions, and if its position or velocity are neces- 
sarily rather uncertain, the uncertainty is seldom 
enough to matter. 

We hardly know enough yet of the structure of the 
nucleus to say whether it will prove amenable to 
ordinary geometrical ideas or whether its properties 
will need more abstract treatment. It is the least known 
part of the atom, and the one where knowledge is 
leading to results of the greatest practical importance, 
for this is where atomic energy and the transmutation 
of the elements are to be found. 

From the philosophical point of view the most 
important feature of the recent quantum mechanics is 
its strong trend away from determinism. Since the 
time of Newton, it had been taken almost for granted 
that, at least in dead matter, every particle moved in 
obedience to exact and definite laws. It was supposed 
that if the initial position and velocity of every particle 
of a group free from outside influence were known 
exactly, and if the proper laws had been found, it would 
be possible, at least in theory, to calculate the position 



GENERAL CONCLUSIONS 185 

of each particle at any later time. The whole behaviour 
of the system was determinate. It is true that this 
determinism was modified in practice because no 
system is ever free from outside influence, and the 
task of calculating the motion of the billions of particles 
in the minutest speck of matter was hopelessly beyond 
human possibility. Still, the theoretical possibility was 
believed to be a real truth, and it obliged those who 
wished to believe in the free will of human beings to 
suppose some profoundly fundamental difference 
between the behaviour of the atoms in a man’s brain or 
nerves, from that of the same atoms forming part of 
dead matter. 

The newer view makes this unnecessary. Most of 
the laws of atomic physics are expressed as probabili- 
ties, which, of course, become certainties when a 
sufficient number of independent events are concerned 
to make statistics apply. For example, there is a certain 
chance of a given radium atom dissociating into 
helium and radon in the course of to-day ; if a cathode- 
ray strikes an atom there is a certain chance of its 
ionizing it. Now, of course, events of chance are no 
new thing. Which face of a die would come up is best 
expressed as a matter of chance, but this does not 
interfere with determinism, because we have excellent 
reason to believe that if, in fact, one knew how the die 
lay in the dice-box, and just how it was thrown, the 
face which came up would be determined by the 
definite laws of ordinary dynamics. The ‘chance’ in 
this case is merely an expression of our ignorance of the 
details of the motion. A game of chance is indeed 
devised so that the event on which people are to bet is 
determined by causes too small to be controlled. If a 
roulette board were always spun at exactly the same 
G 
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speed, and the ball thrown in by a sufficiently accurate 
machine, it would always come to the same number, 
but the accuracy needed would be so enormous that it 
is entirely outside human control, and chance appears 
as a consequence of the uncertainty of the croupier’s 
movements. 

On the old view this same type of argument should 
hold with atomic events. If we can’t tell whether a 
radium atom is going to break up to-day or a thousand 
years hence, it is because we don’t know enough of 
what is going on in the nucleus of that particular atom 
(or perhaps in its surroundings). It is only a question 
of ignorance of necessary data, physicists of the older 
school would say. But here is where the essential 
difference comes. As long as there was no theoretical 
limit to the accuracy with which the initial conditions 
could be measured, determinism had a meaning. In 
any given case one could hope by increasing refine- 
ments to approach nearer and nearer to the truth and 
eventually to reach a degree of accuracy which would, 
for example, make a prediction about some particular 
radium atom a matter of certainty. On the new view 
there is a theoretical limit to the accuracy of the 
determination of the initial conditions. If the position 
of a particle is very accurately determined, its 
momentum is very uncertain, and conversely. The 
product of the two uncertainties is always round about 
‘h’. Now, ‘A’ is very small, and this restriction is only 
noticeable on an atomic, or indeed electronic, scale, but 
there it matters a great deal. This cuts the bottom from 
under the argument for determinism. Even if exact 
laws could be devised to replace the present probability 
ones, the power of checking them has disappeared. 
We can never tell if they are really true, because the 
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inevitable uncertainty of experimental measurements is 
so great that the prediction of what should happen if 
the law held can never be exact. It seems at present 
likely that it is possible to frame exact laws equiva- 
lent to the probability ones. Whether it is worth 
doing so is another matter, largely a question of the 
psychology of the thinker, but in any case since 
such laws could never be tested, their existence on 
paper would be no evidence for a real determinism in 
Nature. 

On the other view there is an inherent uncertainty 
or power of choice in the world, but with this proviso, 
that the power of choice is exercised in such a way that 
in the bulk certain average laws are obeyed. Certain 
events are regarded as ‘equally probable’ choices of 
Nature. There is thus no physical argument against 
free will, whatever may be the metaphysical objections. 
A person’s free will might control the events in a few 
key atoms which would in turn control the future 
history of the brain and body. Undoubtedly living 
matter, and perhaps the brain most of all, is in a very 
delicately balanced state of equilibrium, so that it is 
quite conceivable that the behaviour of a critical elec- 
tron in a critical atom might control the course of 
events in the brain and so the behaviour of the body. 
If this degree of control is thought too slight, we may 
follow Eddington in supposing that in the brain the law 
of averages is suspended. Events which would ordin- 
arily be regarded as ‘independent’ may cease to be so, 
and instead of being distributed at random among their 
various possibilities may be grouped in an ordered 
manner. Such a view postulates a considerable differ- 
ence between living and dead matter, or at least 
between conscious and unconscious, but not perhaps 



more than ordinary experience would suggest. It is a 
remarkable instance of the unity of thought that a study 
apparently so remote from human emotion as atomic 
physics should have so much to say on one of the great 
problems of the soul. 
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